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ABSTRACT 


The  report  documents  work  carried  out  over  the  period  31  July  1996  to  31  December 
1997  on  a  Multi-University  Research  Initiative  (MURI)  program  under  Office  of  Naval 
Research  (ONR)  sponsorship.  The  program  couples  transducer  materials  research  in  the 
Materials  Research  Laboratory  (MRL),  design  and  testing  studies  in  the  Applied  Research 
Laboratory  (ARL)  and  vibration  and  flow  noise  control  in  the  Center  for  Acoustics  and 
Vibration  (CAV)  at  Penn  State. 

The  overarching  project  objective  is  the  development  of  acoustic  transduction 
materials  and  devices  of  direct  relevance  to  Navy  needs  and  with  application  in  commercial 
products.  The  initial  focus  of  studies  is  upon  high  performance  sensors  and  high  authority 
high  strain  actuators.  This  objective  also  carries  the  need  for  new  materials,  new  device 
designs,  improved  drive  and  control  strategies  and  a  continuing  emphasis  upon  reliability 
under  a  wide  range  of  operating  conditions. 

In  Material  Studies,  undoubtedly  major  breakthroughs  have  occurred  in  the  ultra- 
high  strain  relaxor  ferroelectric  systems.  Earlier  reports  of  unusual  piezoelectric  activity  in 
single  crystal  perovskite  relaxors  have  been  amply  confirmed  in  the  lead  zinc  niobate  :  lead 
titanate,  and  lead  magnesium  niobate  :  lead  titanate  systems  for  compositions  of 
rhombohedral  symmetry  close  to  the  Morphotropic  Phase  Boundary  (MPB)  in  these  solid 
solutions.  Analysis  of  the  unique  properties  of  001  field  poled  rhombohedral  ferroelectric 
crystals  suggests  new  intrinsic  mechanisms  for  high  strain  and  carries  the  first  hints  of  how  to 
move  from  lead  based  compositions.  A  major  discovery  of  comparable  importance  is  a  new 
mode  of  processing  to  convert  PVDF:TrFE  copolymer  piezoelectric  into  a  relaxor 
ferroelectric  in  which  electrostrictive  strains  of  4%  have  been  demonstrated  at  high  fields. 
Both  single  crystal  and  polymer  relaxors  appear  to  offer  energy  densities  almost  order  of 
magnitude  larger  than  in  earlier  poly  crystal  ceramic  actuators. 

Transducer  Studies  have  continued  to  exploit  the  excellent  sensitivity  and  remarkable 
versatility  of  the  cymbal  type  flextensional  element.  Initial  studies  of  a  small  cymbal  arrays 
show  excellent  promise  in  both  send  and  receive  modes,  and  larger  arrays  are  now  under 
construction  for  tests  at  ARL.  New  studies  in  constrained  layer  vibration  damping  and  in  flow 
noise  reduction  are  yielding  exciting  new  results. 

In  Actuator  Studies,  an  important  advance  in  piezoelectric  generated  noise  control 
now  permits  wider  use  of  acoustic  emission  as  a  reliability  diagnostic  technique.  Joint  studies 
with  NRL,  Washington  have  developed  a  completely  new  d15  driven  torsional  actuator  and  the 
CAV  program  element  has  designed  an  exciting  high  strain  high  force  inchworm. 

Finite  element  analysis  continues  to  be  an  important  tool  for  understanding  the  more 
complex  composite  structures  and  their  beam  forming  capability  in  water.  Thin  and  Thick 
Thin  Film  Studies  are  gearing  up  to  provide  the  material  base  for  micro-tonpilz  arrays.  New 
exploitation  of  ultra  sensitive  strain  and  permittivity  measurements  is  providing  the  first 
reliable  data  of  electrostriction  in  simple  solids,  and  suggesting  new  modes  for  separating  the 
polarizability  contributors  in  dielectrics  and  electrostrictors. 
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ABSTRACT 

Lanthanum-modified  lead  zirconate  titanate  (PLZT)  ceramics  (3/52/48)  doped 
with  0.5  at.%  W03  were  prepared  by  three  different  processing  methods,  coprecipitation, 
sol-gel  and  conventional  oxide  mixing  techniques,  to  investigate  the  effect  of  processing 
route  on  photovoltaic  and  photostrictive  properties.  The  piezoelectric  constant  (d33)  was 
observed  to  be  independent  of  processing  technique.  Photovoltaic  and  photo-induced 
strain  were  found  to  get  enhanced  with  decreasing  grain  size  and  increasing  relative 
density.  PLZT  ceramics  prepared  by  the  coprecipitation  route  possess  unique 
combination  of  favorable  properties  namely:  high  purity,  higher  degree  of  homogeneity, 
uniform  distribution  of  doping,  stoichiometric  compositions,  finer  grain  size  and  highest 
density.  This  resulted  into  enhanced  photostrictive  properties  in  coprecipitated  PLZT 
ceramics. 


INTRODUCTION 

Photostriction  is  the  light  induced  strain  in  a  material,  which  can  also  be  regarded 
as  the  superposition  of  photovoltaic  and  inverse-piezoelectric  effects  [1].  Materials 
exhibiting  photostrictive  effect  are  of  interest  for  their  potential  usage  in  new  types  of 
actuators  such  as  wireless  remote  control  photo-actuators.  The  possibility  of  directly 


producing  strain  by  light  illumination  without  any  electrical  lead  wire  connection  makes 
them  very  attractive  for  micro-actuator  and  micro-sensor  applications.  These  materials 
are  also  promising  for  the  photo-acoustic  device  of  the  optical  communication  system, 
such  as  photophone  [2].  Adaptive  space  structures  which  can  be  controlled  by  the 

illumination  are  possible  and  intriguing  applications. 

Lanthanum-modified  lead  zirconate  titanate  (PLZT)  ceramics  are  one  of  the 
proven  photostrictive  material.  It  has  been  observed  that  doping  W03,  donor  in  the  B- 
site,  into  the  PLZT  ceramic  results  in  significant  enhancement  in  this  property  [3-5]. 
Besides  the  effect  of  doping,  fabrication  and  processing  methods  have  been  reported  to 
profoundly  affect  the  photovoltaic  properties  and  the  strain  response.  This  effect  comes 
through  the  influence  of  processing  methods  on  the  microstructure,  and  other  physical 
properties  such  as  density,  porosity,  chemical  composition.  Ceramic  materials  with  high 
density,  low  porosity,  better  homogeneity  and  a  good  control  of  stoichiometry  are  desired 
for  enhanced  photovoltaic  and  photostrictive  properties.  Investigation  of  the 
microstructure  and  properties  of  PLZT  ceramics  fabricated  by  different  routes  are  of 
interest  for  finding  the  technique  with  best  photostrictive  properties. 

It  has  been  observed  that  the  conventional  solid-state  reaction  of  the  metal  oxides 
and  carbonates  often  results  in  PLZT  products  with  moderate  photovoltaic  and 
photostrictive  properties  due  to  the  compositional  and  structural  inhomogeneities, 
characteristic  of  this  fabrication  route  [6,  7].  Coprecipitation  and  sol-gel  techniques  are 
two  of  the  chemical  routes  which  has  the  inherent  advantage  in  producing  high  density 
homogeneous  ceramics  with  a  greater  control  of  stoichiometry  [8-10].  Therefore,  process 
for  preparation  of  PLZT  via  chemical  routes  with  suitable  non-oxide  precursors  is 
attractive.  Among  various  non-oxide  routes,  the  hydroxide  coprecipitation  method  has 
also  been  widely  used  for  the  preparation  of  PLZT  powders  [9-12].  Fine  powders 
prepared  by  this  route  are  more  homogeneous  and  more  reactive  than  those  prepared  by 
conventional  oxide  mixing  process.  In  addition,  the  lower  processing  temperature  also 
minimizes  the  loss  of  PbO  evaporation. 


In  order  to  investigate  the  influence  of  processing  techniques  on  photostrictive 
property,  ceramics  of  PLZT  (3/52/48)  doped  with  0.5  at.%  W03  were  prepared  by  three 
different  methods,  (i)  conventional  oxide  mixing  process,  (ii)  sol-gel  technique  using  lead 
(EL)  acetate  trihydrate,  lanthanum  (III)  acetylacetonate  hydrate,  Zr,  Ti  and  W  alkoxides, 
and  (iii)  hydroxide  coprecipitation  routes  using  nitrate  and  chloride  precursors.  The 
photostrictive  effect  of  these  materials  were  characterized  and  correlated  to  the  fabrication 

method. 


experimental  procedure 

PLZT  (3/52/48)  ceramic  with  a  composition  of  3  at.%  La  ,  Zr/Ti  ratio  of  52/48 
and  doped  with  W03  was  selected  due  to  its  proven  high  photovoltaic  effect  [3].  PLZT 
ceramics  doped  with  0.5  at.%  W03  were  prepared  by  the  conventional  oxide  mixing 
process  and  by  the  chemical  synthesis  (sol-gel  and  coprecipitation)  techniques.  Figure  1 
illustrates  a  flow  chart  for  the  sample  preparation  by  the  conventional  oxide  mixing 
process.  The  flow  chart  for  the  sample  preparation  by  the  sol-gel  technique  using  lead 
(II)  acetate  trihydrate,  lanthanum  (III)  acetylacetonate  hydrate,  Zr,  Ti,  and  W  alkoxides,  is 
shown  in  Fig.  2.  The  details  of  these  two  preparation  techniques  were  reported  in  an 
earlier  communication  [7].  The  details  of  the  processing  technique  for  hydroxide 
coprecipitation  is  shown  in  Fig  3.  In  order  to  achieve  a  product  with  desired 
stoichiometry  and  homogeneity,  the  optimum  coprecipitation  conditions  for  metal 
hydroxide  precursors  were  determined  on  the  basis  of  solubility  limit  for  aqueous 
solutions.  [11].  The  starting  reagents  were  high  purity  lead  nitrate  Pb(N03)2,  lanthanum 
nitrate  La(N03)3-6H20,  zirconium  oxychloride  Zr0Cl2-8H20,  and  titanium  tetrachloride 
TiCLt.  Sodium  tungstate  Na2W04-2H20  was  added  for  the  doping.  The  precursor  site  A 
comprising  of  Pb(N03)2,  La(N03)3-6H20,  and  Na2W04-2H20  was  dissolved  together  in 
deionized  (DI)  water  to  form  an  aqueous  solution.  On  the  other  hand  precursor  site  B 
with  Zr0Cl2-8H20  and  TiCU,  was  also  dissolved  in  DI  water.  The  coprecipitatton  was 
achieved  in  these  precursors  by  adding  aqueous  NH4OH  solution.  In  the  precursor  site 


A,  aqueous  NH4OH  solution  was  slowly  added  and  stirred  to  precipitate  A-site  powders. 
The  solution  pH  in  A  and  B  precursor  sites  was  adjusted  and  maintained  at  pH  10  and  5 
respectively.  The  precipitates  of  A  and  B  sites  were  then  washed  with  DI  water  (  pH  10 
and  5  respectively)  to  remove  the  residual ,  N03\  Na\  and  CY  ion.  Both  A  and  B  site 
precipitates  were  filtered,  mixed  and  rinsed  thoroughly  using  reagent  alcohol,  followed  by 
overnight  drying  at  80  °C.  The  dry  cake  was  crushed  and  ground  using  porcelain  mortar 
and  pestle.  In  order  to  evaporate  the  absorbed  water,  thermal  treatment  was  given  on  the 
as-dried  powder.  Thermogravimetric,  differential  thermal  analysis  (TGA  7,  DTA  1700, 
Perkin  Elmer),  and  X-ray  diffraction  (Scintag  diffractometer,  Vax  3100  System)  were 
performed  to  characterize  the  precipitated  powders.  Subsequently,  the  powder  was 
calcined  and  sintered. 


The  comparison  of  the  properties  of  ceramics  derived  from  the  three  different 
method  were  made.  The  density  of  the  sintered  samples  was  determined  by  the 
Archimedes  method  while  microstructure  and  grain  size  of  the  samples  were  observed  by 
scanning  electron  microscopy  (ISIDS-1 30).  Dielectric  properties  of  PLZT  samples  were 
measured  with  an  impedance  analyzer  (HP-4274A).  Samples  for  dielectric  measurement 
were  polished  to  about  10  mm  in  diameter  and  1  mm  in  thickness,  then  electroded  with 
platinum  (Pi)  by  sputtering.  Piezoelectric  properties  of  all  the  samples  were  measured 
by  using  a  Berlincourt  d33  meter  (Channel  Products,  Inc.)  at  100  Hz.  Samples  for 
piezoelectric  measurement  were  of  the  same  dimension  as  for  dielectric  measurements, 
except  they  were  poled  in  silicone  oil  at  120  °C  under  a  2  kV/mm  electric  field  for  10  min. 

Photovoltaic  measurements  were  done  using  a  high-input-impedance  electrometer 
(Keithley  617),  while  the  photostriction  was  measured  by  a  displacement  sensor  (LVDT, 
Millitron  model  1301).  Figure  4  shows  the  experimental  setup  for  these  measurements 


[7].  These  measurements  were  done  by  radiating  the  light  perpendicular  to  the 
polarization  direction.  The  samples  of  5x5x1  mm3  were  cut  and  polished  for  these 
measurements.  The  5x1  mm2  surfaces  were  silver  electroded.  Poling  was  performed  by 
applying  2  kV/mm  electric  field  for  10  min.  in  silicone  oil  at  120  °C.  A  high  pressure 
mercury  lamp  (Ushio  Electric  USH-500D)  was  used  as  a  light  source  for  the 
measurement.  The  white  radiation  was  passed  through  an  IR  blocking  filter  and  an  UV 
bandpass  filter  to  obtain  a  beam  with  a  maximum  strength  around  366  nm  and  an  intensity 
of  3.25  mW/cm2,  before  illuminating  the  samples  (5x5  mm2  polished  surface). 


RESULTS  AND  DISCUSSIONS 
Characterization  of powder  derived  front  coprecipitation  technique 

The  as-dried  powder  from  coprecipitation  technique  was  examined  using  TGA- 
DTA,  and  X-ray  diffractometer.  The  physico-chemical  change  of  the  precipitate  with 
temperature  was  investigated  with  a  TGA-DTA  apparatus,  in  the  temperature  range  of 
50-1050  °C  at  a  heating  rate  of  10  °C/min  under  an  air  atmosphere  and  by  a  powder  X- 
ray  diffraction  with  CuK*  radiation.  Figure  5  shows  TGA  and  DTA  curves  for  the  as- 
dried  precipitate.  The  initial  weight  loss  in  the  temperature  range  of  55-250  °C  may  be 
attributed  to  the  liberation  of  surface  absorbed  water  and/or  occluded  solvent  (water, 
ethanol),  and  is  accompanied  by  an  endothermic  DTA  peak.  Dehydration  of  the  powder 
resulted  in  the  endothermic  peak  observed  at  about  150  °C.  The  weight  loss  at  330-500 
°C  is  due  to  the  decomposition  of  hydroxyl  group.  The  final  weight  loss  above  600  °C 
can  be  attributed  to  the  strongly  bonded  hydroxyl  group. 


Figure  6  shows  a  series  of  X-ray  diffraction  patterns  of  the  as-dried  powder  at 
different  temperatures.  Crystallization  of  the  perovskite  phases  during  thermal  treatment 
can  be  observed.  The  precipitate  was  found  to  be  amorphous  up  to  450  °C  for  lh.  The 
crystalline  perovskite  phase  of  PLZT  appears  after  450  °C  for  lh.  The  complete 
perovskite  phase  of  PLZT  was  formed  at  550  °C  for  1  h.  Based  on  these  results  the 
calcination  temperature  was  selected  to  be  550  °C  for  lh. 


Comparison  of  ceramics  derived  from  three  different  processing  techniques. 

Physical  properties  of  ceramics  produced  from  three  different  processing  methods 
are  listed  in  Table  1.  As  can  be  seen  from  this  table,  depending  on  the  processing 
technique,  the  samples  with  the  same  composition  exhibit  different  results. 


Figure  7  shows  the  relative  sintered  density  of  0.5  at.%  W03  doped  PLZT 
ceramics  prepared  through  three  different  methods  as  a  function  of  sintering  temperature 
after  2  h  sintering  time.  A  relative  density  of  98%  was  achieved  for  PLZT  oxide  samples 
sintered  at  1200  °C.  The  sintered  density  saturated  and  remained  constant  as  the 
sintering  temperature  increases  to  1300  °C.  On  the  other  hand,  in  the  sol-gel  PLZT  a 
maximum  density  of  93%  was  observed  at  a  sintering  temperature  of  1250  °C.  The 
sintered  density  decreased  as  the  sintering  temperature  was  further  increased.  This  was 
probably  due  to  the  evaporation  of  PbO  during  sintering.  A  relative  density  of  97%  was 
achieved  for  coprecipitated  PLZT  ceramics  sintered  at  1150  °C.  However  the  relative 


density  of  coprecipitated  ceramics  was  enhanced  to  99%  after  4  h  of  sintering  at  the  same 
temperature  as  shown  in  Fig  8.  As  evident  from  Fig.  7,  the  sol-gel  PLZT  exhibits  lower 
density  as  compared  to  the  oxide  PLZT  at  all  the  sintering  temperatures.  This  lower 
density  was  probably  due  to  finer  and  agglomerated  particles.  The  high  density  in  PLZT 
oxide  samples  is  due  to  higher  packing  density  without  agglomeration  as  compared  to  sol- 
gel  ceramics.  Coprecipitated  PLZT  ceramics  possessed  the  highest  density  at  the  lowest 
sintering  temperature  among  all  ceramics  due  to  no  agglomeration  associated  with  this 

route. 


Figure  9  shows  the  SEM  micrographs  of  the  sintered  ceramics.  The  average  grain 
size  of  samples  were  determined.  The  average  grain  sizes  for  oxide  mixing  ,  sol-gel,  and 
coprecipitated  samples  were  1.87,  1.72,  and  1.12  pm,  respectively.  The  grain  size  was 
smallest  for  the  coprecipitated  ceramics  among  all  the  samples.  In  general  average  grain 
size  of  ceramics  prepared  by  chemical  synthesis  is  smaller  as  compared  to  solid  state 
reaction  due  to  more  reactive  powder  obtained  through  chemical  routes  which  resulted  in 
lower  sintering  temperature. 


The  dielectric  constants  of  the  ceramics  derived  from  three  different  processing 
techniques  are  shown  in  Fig  10.  There  was  no  difference  in  the  Curie  temperature  among 
three  samples.  PLZT  ceramics  from  sol-gel  and  coprecipitation  techniques  exhibited 
lower  dielectric  constant  compared  to  the  oxide  PLZT  due  to  the  smaller  grain  size 
observed  in  these  ceramics.  The  piezoelectric  constant  d33  showed  a  similar  tendency  for 


the  ceramics  prepared  by  three  different  methods  with  the  minimum  for  the 
coprecipitated  sample.  However  photovoltaic  and  photo strictive  properties  vary  greatly 
with  the  processing  techniques.  The  photo- induced  electric  field  reached  more  than  1 
kV/cm  and  the  photocurrent  density  was  of  the  order  of  nA/cm  under  the  illumination 
intensity  of  3.25  mW/cm2  for  366  nm  wavelength.  Coprecipitated  PLZT  ceramic  showed 
the  highest  in  both  the  photo-induced  electric  field  and  strain  among  all  samples,  followed 
by  sol-gel  PLZT  and  oxide  mixing  PLZT,  due  to  the  smaller  grain  size  observed  in  this 
ceramic.  Coprecipitated  sample  exhibited  photocurrent  similar  to  sol-gel  PLZT,  which 
are  higher  than  oxide  mixing  PLZT.  Table  1  listed  the  calculated  product  values  of 
piezoelectric  constant  d33,  and  photo-induced  electric  field  Eph,  which  are  in  good 
agreement  with  the  experimental  data. 


Difference  between  samples  prepared  by  solid-state  reaction  as  in  oxide  mixing 
process  and  chemical  synthesis  routes  as  in  sol-gel  and  coprecipitated  methods  arises  due 
to  the  difference  in  a  couple  of  factors.  Ceramics  prepared  by  solid  state  reaction  have 
compositional  variation  and  inhomogeneous  distribution  of  impurities  whereas  the 
ceramics  prepared  by  chemical  synthesis  exhibit  high  purity  with  good  chemical 
homogeneity  in  the  nanometer  scale.  Photovoltage  increases  with  decreasing  grain  size  as 
the  photovoltage  is  effected  by  the  number  of  grain  boundaries  [6,  13].  Increasing  the 
number  of  grains  by  decreasing  the  grain  size  may  increase  the  photovoltage  of  the 
samples  as  observed  in  coprecipitated  and  sol-gel  ceramics.  Enhancement  in  photo- 
induced  strain  for  the  coprecipitated  sample  is  due  to  increase  in  photovoltage,  as  the 
piezoelectric  constant  of  the  three  samples  are  similar.  The  coprecipitated  ceramics 
exhibited  the  highest  photovoltage  and  photo-induced  strain,  as  it  possesses  favorable 


combination  of  smallest  grain  size  and  highest  relative  density.  The  lower  relative  density 
of  ceramics  prepared  by  sol-gel  route  is  a  major  limitation  of  this  technique. 

In  conclusion,  chemically  prepared  samples  has  high  purity  and  preferable 
properties  such  as  higher  degree  of  homogeneity,  uniform  distribution  of  doping  and 
stoichiometric  compositions.  The  atomic  level  interaction  and  mixing  in  chemical 
synthesis  resulted  in  smaller  grain  size  and  lower  sintering  temperature.  As  a  result  the 
ceramics  prepared  by  sol-gel  and  coprecipitated  techniques  exhibit  better  photovoltaic 
and  photostrictive  properties  as  compared  to  the  oxide  mixing  process. 
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Figure  captions 

Fig.  1 .  Flow  diagram  of  sample  preparation  by  conventional  oxide  mixing  process. 

Fig.  2.  Flow  diagram  of  sample  preparation  by  sol-gel  technique. 

2-MOE:  2-methoxyethanol.  Ti(OPr)4:  Titanium  (IV)  isopropoxide. 

Zr(OBt)4:  Zirconium  (IV)  butoxide.  W(OEt)6:  Tungsten  (VI)  ethoxide. 

Fig.  3.  Flow  diagram  of  sample  preparation  by  coprecipitation  technique. 

Pb(N03)2:  Lead  nitrate,  La(N03)3-6H20:  Lanthanum  nitrate, 

Zr0Cl2-8H20:  Zirconium  oxychloride,  TiCl4:  Titanium  tetrachloride. 

Na2W04-2H20:  Sodium  tungstate 

Fig.  4.  Experimental  set  up  for  photovoltaic  and  photostrictive  measurement. 

Illumination 

-  High  pressure  mercury  lamp 

-  Without  polarizer 

-Filter  -  IR  blocking  filter 

-  Bandpass  filter 
-Wavelength  -  366 nm 

-  Intensity  -  3.25  mW/cm2 

Fig.  5.  TGA-DTA  curves  for  the  as-dried  precipitate  of  PLZT. 

Fig.  6.  X-ray  diffraction  patterns  of  PLZT  derived  from  coprecipitation  technique. 

Fig.  7.  Relative  density  as  a  function  of  sintering  temperature  after  2  h  sintering  time. 

Fig.  8.  Relative  density  of  coprecipitated  PLZT  ceramics  as  a  function  of  sintering  time 

(at  11 50  °C) 

Fig.  9.  SEM  micrographs  of  0.5  at.%  W03  doped  PLZT  ceramics  prepared  by 
(a)  conventional  oxide  mixing  process  (b)  sol-gel  technique  and 
(c)  coprecipitation  technique 

Fig.  10.  Dielectric  constant  of  0.5  at.%  W03  doped  PLZT  ceramics  as  a  function  of  temperature 
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Table  1:  Comparison  of  ceramics  derived  from  three  different 
processing  techniques. 


Conditions/properties 


Calcination 


Sintering 


Maximum  relative 
density  (%)  _ 


Average  grain  size  (pm) 


Piezoelectric  constant 
d33  (x  10~12 


Curie  temperature  ( °C) 


Maximum 
dielectric  constant 


Room  temperature 
dielectric  constant 


Photovoltage,E  ph,* 
(V/cm) 


Photocurrent  (nA/cm 


950  °C,  lOh 


1270  °C,  2h 


1.87±0.08 


15200±200 


1600±30 


Sol-gel  technique 


1.72±0.06 


12700±100 


1235120 


Coprecipitation 

technique 


550  °C,  lh 


1150  °C,4h 


1.1210.05 


100001100 


1220120 


*  For  the  illumination  intensity  3.25  mW/cm2 
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ABSTRACT: 

Optically/clectrically  operable  flexible  film  microactuators  that  can  offer  upto  two  orders 
higher  efficiency  of  photonic  to  mechanical  conversion  compared  to  ceramic  actuators 
are  conceptualized.  A  polarized  ceramic  wafer  of  non-centrosymmetric  perovskite 
ferroelectric  ABO3  compounds,  such  as  lead  lanthanum  zirconate  titanate  (PLZT),  when 
exposed  to  an  illumination  (-350  to  400  nm  wavelength)  close  to  the  bandgap  energy, 
can  generate  a  large  photovoltage  (—1.0  kV/mm)  across  its  length,  and  by  the  inverse 
piezoelectric  effect  cause  the  piezoceramic  wafer  to  deflect  in  the  direction  away  from 
the  illumination.  The  optical  actuation  effect  in  piezoceramic  wafers  is  investigated  as  a 
function  of  thickness,  composition,  and  surface  roughness.  Such  flexible  microactuators 
would  enable  a  new  generation  of  micro-electro-mechanical  and  micro-opto-mechanical 
systems  where  the  actuation  will  not  be  restricted  by  the  clamping  effect  due  to  the  rigid 
substrate  as  in  the  current  silicon  based  micromachined  structures.  To  deposit  the 
piezoceramic  film  directly  onto  a  flexible  substrate,  the  substrate  must  have  high 
temperature  stability,  high  strength  (Young's  Modulus  -  4.9x10  N/m  ),  a  close  match 
of  thermal  coefficients  of  expansion  with  the  piezoceramic  film,  and  a  tailorable  crystal 
orientation  in  order  to  provide  a  desired  template  for  growth  of  oriented  PLZT. 

This  paper  also  presents  a  comparison  of  a  variety  of  flexible  substrate  films  and  fibers 
and  our  recent  results  on  polybenzoxazole  (PBO),  a  polymeric  candidate  for  a  flexible 
high  temperature  substrate.  Variation  of  the  properties  of  PBO  as  a  function  of 
temperature  are  also  presented. 


1.  INTRODUCTION 

Optically/electrically  operable  “flexible  actuators”  that  can  offer  ugo  two  orders 
higher  efficiency  of  photonic  to  mechanical  conversion  are  conceptualized  A  polarized 
ceramic  wafer  of  non-centrosymmetric  perovskite  ferroelectric  AB03  compounds,  such  as 
lead  lanthanum  zirconate  titanate  (PLZT),  when  exposed  to  an  illumination  (-350  to  400 
nm  wavelength)  close  to  the  bandgap  energy,  can  generate  a  large  photovoltage  (-1.0 
kV/mm)  across  its  length,  and  by  the  inverse  piezoelectric  effect  cause  the  piezoceramic 
wafer  to  deflect  in  the  direction  away  from  the  illumination.  The  hypothesis  is  that  if  the 
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absorption  of  the  illumination  occurs  in  at  the  most  ~  tens  of  microns  thick  surface  layer  of 
the  piezoelectric  material  facing  the  illumination,  the  photovoltage  generation  is  expected 
to  be  entirely  located  in  this  thin  top  skin  layer  Using  a  film  thickness  equal  to  this 
penetration  depth  ensures  that  the  entire  film  is  active  In  a  ceramic  typically  -  200  micron 
thick,  almost  90  %  of  the  bulk  is  an  inactive  mass  to  be  bent/deflected  In  films,  therefore 
using  the  analytical  treatment  for  electrically  operated  bimorphs  used  by  Moulson  ,  we 
expect  the  deflection  to  be  ~  500  times  larger  This  arises  because  of  the  100  times  lower 
thickness  and  the  5  times  higher  electrical  field  strength 


I  I 


ceramic  thickness  200  micron 

(a) 

Figure  I 
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film  thickness  2  micron 


(b) 


Figure  la  and  figure  lb  compare  a  ceramic  bimorph  and  a  flexible  film  bimorph. 

The  table  1  shows  the  projected  parameters  of  improvement  The  numbers  in  this  table 
are  calculated  based  on  using  a  200  micron  thick  typical  ceramic  wafer  as  the  cun-ent 
state  of  the  art  and  a  2  micron  thick  film  as  the  projected  flexible  film  bimorph.  Such  a 
film  bimorph  activated  with  5  V  will  have-  25  times  higher12,5  energy  density  than  the 
ceramic  bimorph  that  requires  -  100  V.  In  turn,  although  the  net  force  output  from  the 
bimorph  will  be  20  %  of  that  from  the  ceramic,  the  force  /volume  will  be  five  times  higher. 
Correspondingly,  in  the  case  of  optical  actuation,  the  film  bimorph  is  projected  to  deliver 
force  output  2-20  times  that  of  the  ceramic  due  to  the  enhancement  in  conversion  efficiency 
(expected  value  ~  1%  -  10%)  This  is  expected  with  illumination  intensity  an  order 
magnitude  tower  than  that  currently  used  for  the  ceramics  This  will  result  in  an 
enhancement  of  force  per  unit  power  by  20  to  200  times  Obtaining  the  optical 
performance  enhancement  in  input  photonic  power  to  output  mechanical  force  will  provide 
a  substantially  enhanced  flexible  film  actuator  as  indicated  Demonstration  of  this  matrix 
of  improvement  will  set  the  foundation  for  photonic  control  of  mechanical  motion  and 
flexible  actuators 
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TABLE  1:  COMPARISON  OF  BULK  PIEZOCERAMIC  ACTUATOR  WITH  PROJECTED 
PERFORMANCE  OF  FLEXIBLE  FILM  ACTUATOR 


Current  Status 
Ceramic  Actuator 

Projected  Improvement 

Film  Actuator 

ELECTRICAL 

ACTUATION 

Thickness 

200  microns 

2  microns:  Thickness  reduced, 
material  tailored 

PARAMETERS 

Operating  Voltage 

100  V 

5  V  :  Operational  voltage  reduced 

Energy  Density 

IX 

25  X  :  Inherent  advantage  of 
reduced  thickness 

Deflection 

IX 

500X  enhancement  for  film  actuator 

Force/Volume 

IX 

5X  enhancement  for  film  actuator 

OPTICAL 

Optical  Power 

80  mW/cm 

8  roW/  enf  :  Illumination  Intensity 

ACTUATION 

PARAMETERS 

Power  Ratio 

10X 

IX 

Photonic  to 

Mechanical  Conversion 
Efficiency 

0.1% 

1%  -  10 V*  :  significant 

enhancement  in 
overall  efficiency 

Foree/Energy 

IX 

2X  to  20X  :  Multifold 

enhancement  in  the 
film  actuator 

Force/Power 

IX 

20X  to  200X 

2.  WIDE  APPLICATION  DOMAIN 

The  applications1'2,6  of  the  optical  actuation  effect  could  be  classified  into  two  broad 

classes: 

1.  Microactuation  & 

2.  Microsensing 

This  direct  conversion  of  photonic  to  mechanical  motion  will  lead  to  following  potential 

applications: 

a.  optical  shape  control  of  structures 

b.  a  new  alternative  mechanism  for  converting  solar  energy  directly  into  mechanical 
motion  for  planetary  exploration  (for  example  on  Mars  where  conversion  devices 
that  can  be  operated  from  the  low  cryogenic  temperature  ~  -125°C  to  +  55°C  are 
required.  Piezoceramic  based  this  novel  converter  will  be  uniquely  suited  for  such 
operational  cycling  with  its  wide  temperature  range  of  operation  and  excellent 
cyclability ) 

c.  direct  corrective  control  in  adaptive  optics/interferometry, 

d.  optical  micropositioning. 
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e.  solar  tracking  actuator/shutter  for  self  alignment  of  the  spacecraft  to  the  sun  for 
optima]  power  generation  or  station  keeping  using  solar  sails, 

f.  optically  controlled  valves  for  medical  as  well  as  space  applications, 

g  photophones,  that  convert  flashes  of  light  directly  into  sound 

h.  optically  controlled  microrobots 

On  the  other  hand,  potential  microsensing  applications  include: 

a.  a  variety  of  tunable  sensors  for  incident  radiation  (UV,  visible  etc.)  based  on  a 
direct  calibration  of  the  deflection  as  a  function  of  incident  radiation  intensity,  and 

b.  indirect  microsensors  based  on  calibration  of  the  photodeflection  in  presence  of  the 
device  “loading”  (e  g  change  in  the  deflection  when  the  device  is  “loaded”  with 
condensing  moisture  (microhygrometer)  or  incident  interstellar  dust 
(microbalance)) 

3  EXPERIMENTAL  PROCEDURE: 

PLZT  (3/52/48)  ceramics  with  3  at  %  La  and  a  Zr/Ti  ratio  of  52/48  and  0.5  at  %  W03  as 
dopant  were  prepared  by  the  conventional  oxide  mixing  process,  where  PbC03,  La203, 
Zr02,  Ti02  and  dopants  (W03)  were  mixed  in  the  proper  ratio  and  ball  milled  for  48  h 
Subsequently,  the  slurry  was  dried,  calcined  at  950°C  for  10  h,  and  sintered  at  1270  C  for 
2  h.  The  detail  of  the  process  has  been  reported  by  Poosanaas  et  al  . 

PLZT  samples  were  cut  to  the  standard  size  of  4x5  mm2  with  various  thickness  50  pm  -l 
mm.  Samples  were  polished,  electroded  with  silver  paste  and  electrically  poled  along  the 
length  (5  mm)  direction  in  silicone  oil  at  120°C  under  a  2  kV/mm  for  10  min. 

Photovoltaic  measurements  were  done  by  using  a  high-input-impedance  electrometer 
(Keithley  617)  while  the  photostriction  was  measured  by  a  displacement  sensor  (LVDT, 
Millitron  model  1301)  A  high  pressure  mercury  lamp  (Ushio  Electric  USII-500D)  was 
used  as  a  light  source.  The  lamp  radiation  was  passed  through  an  IR  blocking  filter  and 
a  UV  bandpass  filter  to  obtain  a  monochromatic  beam  with  a  maximum  strength  around 
370  nm  wavelength  The  4x5  mm2  polished  surface  of  the  sample  was  illuminated  The 
experimental  set-up  for  photovoltaic  and  photostrictive  measurements  was  reported  in  an 
earlier  paper  al7’*. 

Bimorph  and  unimorph  samples  are  illuminated  on  either  of  their  faces  by  ultra¬ 
violet  light.  The  samples  are  clamped  at  one  end  The  displacement  that  results  at  the  far 
end  of  the  cantilever  formed  by  the  body  of  the  sample  itself  is  measured  by  an  optical 
deflection  measurement  and/or  an  eddy  current  sensor. 

The  optical  deflection  measurement  is  accomplished  by  affixing  to  the  free  end  of 
the  sample  a  thin  mirrored  glass  slide  A  He-Ne  laser  beam  is  directed  onto  the  mirror  at 
an  angle,  and  a  spot  from  the  deflected  beam  is  observed  on  a  grid  several  meters  from 
the  sample.  When  the  sample  flexes  due  to  UV  radiation,  the  change  in  the  angle  of  the 
sample  surface  to  the  He-Ne  beam  is  observed  as  a  displacement  of  the  observed  spot 
(magnified  by  the  large  distance  arm  of  the  observation  grid)  This  serves  as  a  good 
visual  measure  of  the  displacement,  although  the  accuracy  of  measurement  in  terms  of 
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deflection  and  time  dynamics  measurement  is  limited  to  ~  25  microns  and  visual 
discrimination. 

The  eddy  current  sensor  measurement  offers  a  much  higher  resolution  ~  2 
microns  and  could  allow  in  conjunction  with  a  fast  switch,  time  dynamics  study  of  the 
temporal  response  down  to  fraction  of  a  microsecond  since  the  contact  less  electronic 
measurement  does  not  load  the  sample  mechanically.  The  sample  is  prepared  by  affixing 
a  small  square  of  aluminum  foil  to  the  free  end  of  the  sample  so  as  to  form  a  suitable 
target  for  the  eddy  current  sensor  When  the  sample  flexes  due  to  UV  radiation,  the  foil 
target  is  moved  toward  or  away  from  the  eddy  current  sensor.  This  displacement  causes  a 
change  in  the  inductive  field  and  consequently  a  change  in  voltage  from  the  sensor  which 
is  recorded  by  an  oscilloscope,  allowing  fast  displacements  to  be  observed  and  recorded. 

4.  RESULTS 

i.  Investigation  of  flexible  substrates: 

To  deposit  the  piezoccramic  film  directly  onto  a  flexible  substrate,  the  substrate  must  have  high 
temperature  stability,  high  strength  (Young’ s  Modulus  ~  4.9x10^  N/m  ),  a  close  match  of 
thermal  coefficients  of  expansion  with  the  piezoceramic  film,  and  a  tailorable  crystal  orientation 
in  order  to  provide  a  desired  template  for  growth  of  oriented  PZT .  Earlier  work  has  shown  that 
ferroelectric  PZT  could  be  crystallized  at  ~  550°C.  Recently10  polybenzoxazole  (PBO)  has 
been  validated  at  JPL  to  work  well  up  to  ~  550°C  and  extensively  characterized  for  operation 
at  460°C.  Table  2  &  3  provide  a  comparison  of  a  variety  of  substrate  films  and  fibers.  PBO 
stands  out  as  the  leading  candidate  for  its  high  tensile  strength,  high  Young’s  Modulus,  low  heat 
shrinkage  and  coefficients  of  thermal  expansion  and  hygroscopic  expansion  to  provide  such  a 
high  temperature  substrate  for  forming  flexible  microactuators  by  this  technique.  PBO  is  a 
conjugated  aromatic  heterocyclic  liquid  crystalline  polymer  (LCP)  with  a  chemical  structure  as 
shown  in  Figure  2. 


CIS-PBO 


Figure  2.  Chemical  Structure  of  PBO 


Table  2:  Comparison  of  a  variety  of  polymeric  films 


PROPERTY 

PBO 

PBO 

HIGH 

MODULUS 

ARAMID 

STEEL 

SPECTRA* 

(HOPE) 

CARBON 

(HI- 

TENSILE) 

GLAS 

(S-2) 

TENSILE  STRENGTH  (ksi) 

820 

600 

400-500 

250 

435 

500-700 

665 

TENSILE  MODULUS  (Msl) 

25-30 

40-45 

10-25 

20 

25 

30-40 

12.6 

COMPRESSIVE 

STRENGTH  (ksi) 

H 

65 

65 

250 

10 

300-400 

>150 

ELONGATION,  BREAK  (%) 

E9 

1.5 

1. 5-4.0 

3.5 

ESI 

E ■ 

DENSITY  (g/cc) 

1.56 

1.56  ' 

1.44 

7.86 

0.87 

1.8-1 .9 

o 

SPECIFIC  TENSILE 
STRENGTH  (ksi) 

S25 

510 

280-350 

32 

450 

270-380 

280 

SPECIFIC  TENSILE 
MODULUS 

16 

26 

7-18 

■ 

26 

16-22 

5 

LIMITING  OXYGEN  INDEX 
(1.01:  %) 

56 

56 

30 

19 

50-65 

Table  3:  Comparative  data  for  high  performance  fibers 
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Figure  3:  Time  to  sample  breakdown  of  PBO  as  a  function  of  temperature 

The  chemical  synthesis  of  PBO  results  in  a  LCP  solution  that  is  processed  to  fiber  or  film  by  various 
techniques.  The  high  strength  and  superior  physical  properties  of  PBO  are  due  to  the  rod-like  nature 
of  the  PBO  molecule  (Figure  3)  and  the  orientation  that  can  be  built  into  the  Polymer  film.  PBO 
film’s  self-reinforcing  microstructure  results  in  a  “molecular  fabric”  with  properties  comparable  to 
those  of  advanced,  fiber-reinforced  materials,  but  without  the  drawbacks  of  distinct  fiber  and  matrix 
components.  This  polymer  has  no  melting  point  or  glass  transition  temperature. 

In  conclusion,  this  comparative  analysis  suggests  that  PBO  in  general  is  a  good 
candidate  for  flexible  substrates.  Figure  3  further  shows  the  dependence  of  time  to  PBO 
sample  breakdown  as  a  function  of  temperature.  It  is  clear,  that  this  substrate  is  stable  for 
extensive  operation  at  temperatures  of  460°C  or  lower.  Therefore,  to  deposit  an  active  film 
of  PLZT,  another  challenge  needs  to  be  overcome.  The  crystallization  temperature  of  the 
piezoceramic  film  needs  to  be  brought  down  to  about  450°C  or  the  crystallization  be 
obtained  by  very  rapid  bursts  of  high  temperatures  through  rapid  laser  annealing. 

ii.  Crystallization  Temperature  for  PZT: 

Figure  4  shows  the  X-ray  diffraction  patterns  of  a  PZT(52/48)  thin  film  mounted  on  the 
hot  stage  of  a  Siemens  Allis  D-500  diffractometer  taken  progressively  at  temperatures  from 
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RHOMBOHEDRAL 


Figure  4:  V-Way  Diffraction  Patterns  From  A  PZT  Film  Annealed  In  Air  At 
Different  Temperatures 

200°C  to  600°C.  The  x-ray  diffraction  study  was  performed  in  reflection  mode  using  CuKa 
radiation.  As  deposited,  the  film  exhibits  predominantly  the  lead  structure  In  fig.  4,  the  x-ray 
pattern  at  200°C  still  predominantly  shows  all  the  lead  lines  However,  at  about  400°C  the  solid 
state  reaction  leading  to  formation  of  the  lead  oxides  initiates,  as  is  indicated  by  the  appearance 
of  the  (111)  line  At  about  550°C,  the  reaction  completes  to  give  the  rhombohedral  phase  of  lead 
zirconate  titanate,  as  is  evident  from  the  comparison  in  Fig  3.  The  additional  appearance  of  the 
(100)  line  of  the  rhombohedral  phase  signifies  this  transition  clearly.  Therefore,  it  is  apparent 
that  in-ordcr  to  deposit  the  piezoceramic  thin  films  on  PBO  (  which  has  been  demonstrated  to 
operate  repeatably  at  the  highest  temperature  of  460°  C),  the  crystallization  temperature  of  PZT 
needs  to  be  brought  down  by  another  100  C.  Further,  for  large  structures  stretched  aircraft  grade 
aluminum  fails  have  worked*1  better  than  coated  polymeric  films  such  as  mylar.  Therefore,  keeping 
in  mind  the  application  of  shape  control  in  structures,  metallic  foil  of  platinum  is  being  used  for  this 
work  The  technology  for  depositing  piezoceramic  thin  films  on  platinum  thin  films  is  known  and 
therefore  can  be  more  rapidly  transitioned  to  obtain  optimized  optically  actuating  thin  films  on 
flexible  platinum  foils 


Optical  actuation  as  function  of  sample  thickness  of  PLZT  Ceramics: 


When  a  sample  is  illuminated,  the  incident  radiation  is  absorbed  as  it  penetrates  into  the 
crystal  lattice.  The  amount  of  light  intensity  reaching  at  the  thickness  V  of  the  sample  is 
given  as: 
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I(x)=  Tl/-ax) 


(1) 


where  I(x)  is  the  light  intensity  at  thickness  ‘x’,  I0  is  the  incident  light  intensity ,  T  is  the 
transmittance  at  the  sample  surface  (78%),  and  a  is  the  absorption  coefficient  of  the 
sample 

The  absorption  coefficient  (a)  was  determined  by  measuring  incident  and  transmitted 
light  intensity,  using  a  digital  power  meter  (Newport  model  815),  as  a  function  of  sample 
thickness. 


Figure  5:  Light  intensity  as  a  function  of  sample  thickness 

Fig.  5  shows  the  plot  between  light  intensity  as  a  function  of  sample  thickness.  The 
absorption  coefficient,  determined  from  the  slope  of  this  plot  was  found  to  be 
0.0252  pm'1. 

In  case  of  thinner  sample,  there  will  be  substantial  intensity  ‘I*  throughout  the 
sample  thickness,  whereas  for  thick  sample  after  some  distance  the  intensity  ‘I’  will  be 
very  small  or  negligible.  The  relationship  between  light  intensity  and  photocurrent 
density  formulated  by  Glass12  given  as: 


Jph  =kaI 

Where  Jph  is  photocurrent  density,  and  k  is  photovoltaic  coefficient.  It  is  apparent  from 
Eq.  (2),  that  the  photocurrent  will  increase  with  the  intensity  of  radiation,  resulting  in  a 


(2) 
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higher  photocurrent  in  the  thinner  samples  As  is  expected,  photocurrent  increases  (Fig. 
6)  with  decrease  in  the  sample  thickness 


Figure  6:  Photocurrent  as  a  function  of  sample  thickness 

The  relationship  between  sample  thickness  and  photovoltaic  response  has  been  illustrated 
in  Fig.  7.  In  this  model,  the  absorption  coefficient  is  assumed  to  be  independent  of  light 
intensity  and  the  photocurrent  density  is  taken  to  be  proportional  to  light  intensity.  The 
sample  is  assumed  to  comprise  of  thin  slices  along  the  thickness  direction  of  the  sample. 

A  circuit  diagram  representing  these  layers  is  also  shown  in  the  same  figure 

The  photocurrent  flowing  through  one  of  the  layer  of  thickness  ‘dx’,  located  at  a  distance 
of ‘x’  from  the  sample  surface,  can  be  obtained  by  combining  Eq.  (1)  and  (2): 

dia  =  wkaTJ  De^°x^dx  (3) 
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thickness 


Figure  7:  A  proposed  model  for  dependence  of  photocurrent  on  sample  thickness 

where  di0  is  the  photocurrent  in  this  layer  and  w  is  the  sample  width.  The  total 
photocurrent  io  passing  through  the  sample  can  be  obtained  by  integrating  Eq.  (3),  over 
the  sample  thickness: 


i0  =  J  wkan/~az)dx  =  wkU0(\  -  e{-*})  W 

0 

The  conductivity  of  this  layer  (a  (x))  can  be  expressed  as  a  sum  of  dark  conductivity  (aa) 
and  photoconductivity  (cPh),  given  as: 

o-(x)  =  (<j„  +  aphTl/-az))  (5) 
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The  total  sample  conductance  (G.,)  (i  e  inverse  of  resistance)  can  be  obtained  by 
integrating  Eq  (5),  over  the  sample  thickness 


„  1  fW<x(r>/x  _  vi 

—’i 


CTjt  + 


oJlX l-r-*1)' 


a 


(6) 


where  L  is  the  electrode  gap  (length  of  the  sample)  In  order  to  measure  the  photocurrent 
an  external  load  of  resistance  Rm  was  used  The  sample  and  external  load  are  correlated 
as  following: 


(7) 


where  im  is  the  measured  photocurrent  and  Rm  is  the  external  load  (Keithley  617) 
resistance.  The  Eq.  (4),  (6)  and  (7)  can  be  rearranged  as: 


/_  = 


aL 


(8) 


Fig.  8  shows  the  plot  between  im  (normalized  with  k)  and  sample  thickness  calculated  for 
the  external  resistance,  Rm  =  200  TO 

As  is  evident  from  this  figure,  with  increasing  sample  thickness,  im  increases,  reaches  a 
maxima,  and  subsequently  it  decreases  with  the  sample  thickness  The  optimum 
thickness  (for  the  current  set  of  samples)  which  yield  maximum  photocurrent  is  found  at 
33  pm  which  is  about  the  penetration  depth  of  light.  It  must  be  noted  that  the  samples 
used  in  this  study  are  thicker  than  this  optimum  thickness  It  is  also  reflected  in  results 
shown  in  Fig.  6,  where  the  photocurrent  is  found  to  increase  with  decrease  in  sample 
thickness. 


12 


LU 

X 

H 


Figure  8:  The  normalized  im/k  as  a  function 
of  sample  thickness 


The  results  on  thickness  dependence  in  the  PZT5H  composition  are  summarized  in  the 
following  table: 


Table  4:  Thickness  Dependence  Of  Optical  Actuation  In  PZT5H  Composition 


THICKNESS 

microns 

RESPONSE 

mV 

DEFLECTION 

microns 

|  RATiO'll 

D«  /  Dp  ■»» : 

jPATAv; . 

viilSSli 

380 

®v;  85":’-;^ 

SEiPiSSIft 

*2 

;y|:;S35p;'V.i;|i 

BPBHSS 

■  -rf  :|v  %  4 

'i  •  T  v 

512 1. 

JSI:  I 

|J§IJ| '  sr:; 7.;|| 

:  lit  \  oi  Si)  7 
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The  results  provide  confirmation  of  the  analysis  summarized  in  Table  1,  and  further 
confirm  the  projection  that  optimum  film  thickness  for  optical  actuation  is-  33  micron 
with  the  deflection  projected  to  be  -  20  times  higher  than  current  state  of  the  art  wafer  of 
PZT  5H  composition  at  200  micron  thickness 

iv.  Optical  actuation  as  function  of  Surface  Roughness  for  PLZT  ceramics: 

In  order  to  observe  the  surface  roughness  effect,  PLZT  ceramics  (3/52/48)  with  different 
surface  roughness  were  prepared  by  using  SiC  powder  of  different  grit  size  followed  by 
final  finishing  with  diamond  paste  The  surface  roughness  was  measured  by  a 
profilometer  (Tencor,  Alpha-step  200).  The  average  surface  roughness  was  determined 
using  the  graphical  center  line  method  Fig  9  exhibits  the  photostriction  of  undoped 
PLZT  as  a  function  of  surface  roughness 


Figure  9:  Photoinduced  strain  as  a  function  of  surface  roughness 

As  is  evident  from  this  figure,  photoinduced  strain  increases  exponentially  with  the 
decrease  in  surface  roughness.  With  increasing  surface  roughness,  the  penetrationdepth 
of  the  illumination  decreases  This  result  also  reiterates  that  photostriction  is  a  surface 
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effect  and  surface  preparation  is  of  extreme  importance  in  the  fabrication  of  high 
efficiency  photostrictive  materials. 


5.  CONCLUSIONS 

This  work  has  shown  that  optical  actuation  in  piezoceramics  is  indeed  a  viable  option.  It 
will  be  of  particular  interest  where  the  actuation  control  is  desired  to  be  contact-less  and 
or  remote.  The  actuation  properties  of  piezoceramics  depend  sensitively  on  its 
composition,  structure,  thermal  history,  and  surface  smoothness/roughness;  which  offers 
a  broad  set  of  parmeters  for  optimization  of  the  material  and  thereby  its  characteristics. 
The  results  provide  confirmation  of  the  analysis  summarized  in  Table  1,  and  further 
confirm  the  projection  that  optimum  film  thickness  for  optical  actuation  is~  33  micron 
with  the  deflection  projected  to  be  ~  20  times  higher  than  current  state  of  the  art  wafer  of 
PZT  5H  composition  at  200  micron  thickness.  Further,  choice  of  suitable  flexible 
substrates  is  of  utmost  importance  and  of  course  application  dependent. 
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New  Torsional 
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Piezoelectric  actuator  generating  torsional  displacement  from 
piezoelectric  dis  shear  response 
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and  Ch.  Kim 

Naval  Research  Laboratory,  Washington  DC  20375 


Abstract: 

A  torsional  actuator  generating  angular  displacement  from  the  piezoelectric  shear  strain  was 
developed.  The  actuator  is  a  tube  consisting  of  even  number  of  the  segments  poled  along  the 
length,  which  are  adhesively  bonded  together,  and  the  joints  act  as  electrodes  to  apply  the  driving 
voltage.  The  experimental  data  measured  on  the  prototype  actuator:  (i)  prove  the  proposed 
concept  of  the  torsional  actuator,  (ii)  show  that  the  actuator  functions  well  under  the  torque  load, 
and  (iii)  demonstrate  that  it  has  superior  characteristics  compared  to  previously  reported  designs 
of  torsional  actuators. 


PACS: 


77.65.-j,  77.84.-s,  07.07.Mp 


Piezoelectric  ceramic  materials,  such  as  lead  zirconate  titanate  (PZT)  arc  now  widely  used  in  solid- 
state  actuators  and  sensors  which  were  designed  for  many  applications,  such  as  precision 
positioning,  noise  and  vibration  sensing  and  cancellation,  linear  motors,  and  many  others.1 1  Since 
in  many  of  those  applications  the  torsional  displacement  is  required,  many  works  have  recently 
been  devoted  to  the  development  of  actuators  capable  of  generating  a  large  angular  displacement 

with  a  large  torque  output3'6  from  the  piezoelectric  strain. 

In  this  Utter,  we  report  on  a  novel  type  of  torsional  actuator  in  which  shear  piezoelectric 

effect  is  used  to  generate  the  angular  displacement.  We,  first,  present  the  design  of  the  actu 
and  describe  its  operation  principle,  and,  second,  demonstrate  the  experimentally  measured 
characteristics  of  the  prototype  actuator.  The  data  obtained  shows  that  this  prototype  has  superior 
characteristics  (angular  displacement  and  torque  output  developed)  compared  to  the  previous 
designs  of  torsional  actuators  reported  in  the  literature.-'5  In  addition,  one  of  the  obvious 
advantages  of  the  present  design  of  the  actuator  is  its  simplicity:  the  piezoelectric  shear  strain  is 
transformed  directly  into  the  angular  displacement,  whereas  in  the  previous  designs, the 
conversion  mechanism  was  rather  complicated  which  thus  required  a  sophisticated  actuator 
design.  Also,  in  most  piezoelectric  materials  the  shear  piezoelectric  coefficient,  d,s.  has  the  highest 
value  among  piezoelectric  coefficients,  which  is  another  advantage  of  using  shear  piezoelectric 

effect  here. 

nerien  n rincivle  A  schematic  drawing  of  the  developed  torsional  actuator  is  shown  in 
Fig.l.  The  actuator  is  a  tube  consisting  of  even  number  of  piezoelectric  ceramic  segments  which 
are  adhesively  bonded  together.  The  segments  are  poled  along  the  length,  whereas  the  electric 
field  E  is  applied  perpendicular  to  the  direction  of  the  spontaneous  polarization,  P„  in  order  to 
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induce  the  piezoelectric  shear  strain.  The  tube  is  assembled  in  such  a  way  that  the  neighboring 
segments  have  the  polarization  direction  opposite  to  each  other,  and  are  electrically  connected  in 
parallel.  This  geometry  provides  the  unidirectional  shear  deformation  of  all  the  segments  under  an 
applied  field.  Due  to  the  cylindrical  symmetry  of  the  actuator,  the  shear  strain,  a  =  d15  ■  E, 
induced  in  each  segment  is  directly  transformed  into  the  angular  displacement  (3  of  the  top  of  the 
tube  with  respect  to  its  bottom,  Fig.l,  which  is  equal  to: 

P-^-dis'E  •  (!) 

^out 


where  L  is  the  length  of  the  tube  and  Rom  is  its  outer  radius.  This  equation  shows  that  even  though 
the  shear  strain,  a,  is  usually  quite  small  in  the  piezoelectric  materials,  a  large  torsional 
displacement  p  can  be  achieved  by  using  a  tubular  structure  with  a  large  ratio  of  L/Rom-  Using 
elastic  properties  of  tube-shaped  samples,7  the  torque,  Tdev,  developed  by  the  actuator  can  be 
found  as: 


*(r«-r4b) 


T  = 

dev  o  cj  p 

^out 


disE 


(2) 


where  S44  is  the  shear  elastic  compliance  of  the  material  and  Rin  is  the  inner  radius  of  the  tube. 
Equation  (2)  shows  that  the  torque  Tdev  is  independent  of  the  length  of  the  tube,  even  though  the 

angular  displacement  P  increases  linearly  with  L. 

A  prototype  torsional  actuator  was  fabricated  from  the  commercial  piezoelectric  ceramic 
tube  of  composition  PZT-5A.8  The  tube  was  first  cut  into  8  segments,  which  then  were  poled 
along  the  length  using  a  continuous  poling  technique.9  Finally,  the  segments  were  bonded  together 
using  a  conductive  epoxy  according  to  the  design  shown  in  Fig.l.  The  prototype  actuator  had  the 
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following  dimensions:  Rin  =  0.96  cm,  R0Jt  =  1.27  cm,  and  L  =  6.35  cm,  so  that  the  aspect  ratio  in 
Eq.(l)  was  equal  to  L/Rom  =  5. 

Characterisation  of  prototype  actuator  To  characterize  the  developed  torsional 
actuator,  we  measured  the  torsional  angle  P  produced  by  the  applied  electric  field  in  the  following 
experiments:  (a)  p  as  a  function  of  amplitude,  Em,  and  frequency,  f,  of  the  ac  driving  field,  P(f,Em), 
and  (b)  P  induced  by  the  dc  electric  field  as  a  function  of  the  external  static  torque,  P(E,T).  In  both 
experiments,  P  was  measured  using  a  MTI-2000  fotonic  sensor,  by  putting  a  mirror  on  the  top  of 
the  actuator  and  measuring  the  distance  change,  Al,  between  the  mirror  and  the  optical  fiber  probe 
of  the  MTI-2000.  Afterwards,  the  value  of  Al  was  converted  into  the  torsional  angle,  p.  The  effect 
of  the  static  torque  on  the  actuator  performance  was  studied  using  a  special  home  made  set-up 
which  was  developed  in  our  laboratory. 

First  of  all,  we  verified  the  concept  of  the  proposed  torsional  actuator.  In  order  to  do  that, 
we  used  the  experimentally  measured  data  for  P(f,Em)  to  derive  the  piezoelectric  coefficient  d|5  of 
PZT-5A  ceramics  using  Eq.(l),  where  Em  was  substituted  for  E,  and  compared  the  obtained  djs 
values  with  those  measured  directly  from  the  PZT-5A  ceramic  samples  of  cubic  shape.  Figure  2 
illustrates  this  comparison  for  the  data  measured  at  f  =  10  Hz.  As  one  can  see,  within  the  whole 
range  of  the  ac  field  investigated,  the  values  of  the  di5  derived  from  the  actuator  (closed  circles) 
are  nearly  the  same  as  those  measured  on  the  cubic  ceramic  sample  (plus  signs).  The  small,  less 
than  5%,  difference  could  be  attributed  to  the  difference  in  the  aging  states  (for  the  ceramic 
segments  in  the  actuator,  the  period  of  aging  was  about  100  times  longer  than  that  of  the  ceramic 
sample),  and  a  possible  loss  of  torsional  angle  due  to  the  bonding  of  the  segments  in  the  tube. 
Therefore,  the  result  presented  in  Fig. 2  proves  the  concept  of  the  proposed  torsional  actuator. 
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Eq.(l),  that  is,  to  use  the  shear  piezoelectric  effect,  dis,  and  the  amplification,  L/Rom,  to  generate 
the  angular  displacement,  p.  For  the  data  shown  in  Fig.2  for  the  tube,  the  torsional  angle 
corresponding  to  the  ac  field  amplitude  Em  =  2  kV/cm,  is  equal  to  p  -  0.07°,  which  is  larger  than 
the  values  reported  earlier  for  other  models  of  the  torsional  actuator  (see  below). 

The  frequency  dependence  of  the  torsional  angle  was  measured  within  the  frequency  range 
3  -  600  Hz  for  high  electric  fields,  Em  <  2  kV/cm  Only  a  minor  decrease  in  p,  equal  to  3%  per 
decade,  with  increasing  frequency  was  observed.  For  low  electric  fields,  Em  =  0.05  kV/cm,  the 
frequency  dependence  of  p  was  measured  over  broad  frequency  range  from  100  Hz  to  20  kHz. 
The  result  is  presented  in  Fig.3,  where  the  torsional  angle  normalized  over  the  ac  field  amplitude  is 
plotted  as  a  function  of  f.  A  series  of  the  peaks  is  seen  in  this  plot,  and  a  detailed  study,10  showed 
that  these  peaks  correspond  to  resonance  frequencies  of  the  actuator,  which  are  defined  from  the 
minimum  electrical  impedance  of  the  tube.  Using  the  actuator  dimensions,  it  was  concluded  that 
the  lowest  resonance,  fr,  is  the  fundamental  shear  resonance  along  the  length  L  of  the  actuator,  i.e., 
along  the  axis  of  the  tube.  At  the  resonance,  fr  *  6  kHz,  the  angular  displacement  of  the  actuator  is 
approximately  20  times  larger  than  that  at  frequencies  below  1  kHz,  cf.  Fig.3.  Such  an 
amplification  of  the  torsional  angle  at  fr  is  very  important  for  the  application  of  the  torsional 
actuator  in  the  piezoelectric  motors,  where  the  actuators  usually  operate  in  the  resonance  mode. 

We  also  investigated  the  effect  of  the  torque  load  on  the  actuator  performance.  In  this 
experiment,  (b),  a  static  torque  T  was  first  applied  to  the  actuator,  thus  producing  its  initial 
twisting,  Po-  Afterwards,  a  dc  field  was  turned  on,  and  the  polarity  of  the  field  was  such  that  the 
field  induced  a  twisting  of  the  actuator  in  the  direction  opposite  to  po.  The  plot  m  Fig.4  shows  the 
field  dependence  of  the  torsional  angle  at  different  torque  loads.  It  is  clear  that  the  torque  load 
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does  not  change  significantly  the  response  of  the  actuator  to  the  applied  field,  since  the  initial 
twisting  (3o,  can  be  completely  nullified  by  the  appropriate  choice  of  the  magnitude  of  the  electric 
field,  and  the  slope  of  p(E)  curve  does  not  show  marked  change  with  increasing  T,  cf.  Fig.4. 

Comparison  with  other  exist  ini’  actuator  designs  In  order  to  further  evaluate  the  merits 
of  the  proposed  torsional  actuator,  we  compare  the  performance  of  this  new  design  with  that  of 
other  torsional  actuators  published  earlier,3"6  when  the  data  are  available  for  the  comparison.  For 
example,  for  similar  magnitude  of  the  driving  field,  E  =  2  kV/cm,  the  largest  value  of  the  torsional 
angle  (5  produced  by  the  tube-shaped  actuator  studied  in  Ref.[4]  was  equal  to  0.007°,  which  is  an 
order  of  magnitude  smaller  than  the  value  reported  in  this  Letter.  In  another  work,  Satanobu  et 
al.5  studied  the  ultrasonic  motor  which  could  generate  the  torsional  motion.  For  similar  actuator 
dimensions  (Rom  *  1.5  cm),  the  torque  developed  by  the  motor  at  the  resonance  frequency  was 
approximately  equal  to  1  N-m  under  an  ac  driving  field  of  Em  =  1  kV/cm.  For  the  actuator 
developed  here,  the  data  in  Fig.4  show  that  the  torque  developed  under  the  field  E  =  1  kV/cm,  is 
equal  to  2.8  N-m,11  which  is  about  3  times  larger  than  the  value  reported  in  Ref.[5].  In  addition,  it 
should  be  pointed  out  that  the  elastic  compliance  of  PZT  ceramics  measured  under  a  dynamic 
torque  is  about  two  times  smaller  than  that  measured  under  the  static  torque.  Therefore,  due  to 
the  smaller  value  of  S44  in  Eq.(2),  a  much  higher  torque  output  will  be  expected  for  this  actuator  at 
higher  frequencies. 

In  conclusion,  we  have  developed  a  novel  type  of  the  piezoelectric  torsional  actuator  and 
experimentally  studied  the  characteristics  of  its  prototype.  The  data  obtained:  (i)  prove  the 
proposed  concept  of  the  torsional  actuator,  (ii)  show  that  the  actuator  functions  well  under  the 
torque  load,  and  (iii)  demonstrate  that  the  actuator  has  superior  characteristics  (the  angular 
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displacement  and  the  torque  output  developed)  compared  to  previously  reported  designs  of  the 
torsional  actuator. 

The  authors  wish  to  thank  Mr.  S.  Gross  (MRL)  for  his  help  in  designing  the  torque  load 
set-up,  and  DARPA  for  the  financial  support  of  this  work. 
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Figure  captions 


Figure  1.  The  proposed  torsional  actuator  is  a  tube  consisting  of  even  number  of  the 
segments  of  piezoelectric  ceramics  which  are  poled  along  the  length  and  bonded  together  using  a 
conductive  epoxy.  Neighboring  segments  have  the  spontaneous  polarization,  Ps,  direction  opposite 
to  each  other,  as  shown  with  arrows  on  the  left.  The  electric  field,  E,  is  applied  perpendicular  to 
Ps,  in  order  to  induce  the  piezoelectric  shear  strain,  a,  and  has  opposite  directions  in  neighboring 
segments  (as  shown  with  arrows  on  the  right).  Therefore,  depending  upon  the  polarity  of  applied 
voltage,  the  top  of  the  tube  will  twist  on  angle  p  either  clockwise  or  anticlockwise  with  respect  to 

its  bottom. 


Figure  2.  Piezoelectric  coefficient  d15  as  a  function  of  the  amplitude  of  the  ac  driving  field 
measured  at  f  =  10  Hz.  Closed  circles  correspond  to  the  data  calculated  from  the  torsional  angle  of 
the  actuator  using  Eq.(l).  Plus  signs  show  the  data  measured  directly  from  the  cubic  ceramic 
sample  of  the  same  composition,  PZT-5A. 

Figure  3.  Frequency  dependence  of  the  torsional  angle  normalized  over  the  amplitude  of  the 
ac  driving  field  for  Em  =  0.05  kV/cm. 


Figure  4.  Torsional  angle  is  plotted  as  a  function  of  applied  dc  field  and  external  static 
torque,  T. 
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ABSTRACT 

A  torsional  actuator  generating  angular  displacement  from  the  piezoelectric  shear  strain  was  developed.  The  actuator  is  a 
tube  consisting  of  an  even  number  of  the  segments  poled  along  the  length,  which  are  adhesively  bonded  together,  and  the 
joints  act  as  electrodes  to  apply  the  driving  voltage.  The  experimental  data  measured  on  the  prototype  actuator:  (i)  prove  the 
proposed  concept  of  the  torsional  actuator,  (ii)  show  that  the  actuator  functions  well  under  the  torque  load,  and  (iii) 
demonstrate  that  it  has  superior  characteristics  compared  to  previously  reported  designs  of  torsional  actuators.  In  addition, 
one  of  the  obvious  advantages  of  the  present  design  of  the  actuator  is  its  simplicity:  the  piezoelectric  shear  strain  is 
transformed  directly  into  the  angular  displacement,  whereas  in  the  previously  reported  actuators,  the  conversion  mechanism 
into  the  torsional  motion  was  rather  complicated  which  thus  required  a  sophisticated  design  of  the  whole  system. 


Keywords:  torsional  actuator,  shear  strain,  piezoelectric  ceramics,  nonlinearity 


1.  INTRODUCTION 

Piezoelectric  ceramic  materials,  such  as  lead  zirconate  titanate  (PZT)  are  now  widely  used  in  solid-state  actuators  and 
sensors  which  were  designed  for  numerous  applications,  such  as  precision  positioning,  noise  and  vibration  sensing  and 
cancellation,  linear  motors,  and  many  others.1,2  In  many  of  those  applications,  the  torsional  displacement  is  required,  for 
example,  in  robotics  to  achieve  the  micropositioning,3,4  in  CD  drivers,5  in  helicopters  to  control  the  trailing  edge  flaps  of 
rotor  blades,6  and  in  many  others.  To  meet  this  demands,  many  works  have  recently  been  devoted  to  the  development  of 
actuators  capable  of  generating  a  large  angular  displacement  with  a  large  torque  output3'7  from  the  piezoelectric  strain. 

In  this  paper,  we  report  on  a  novel  type  of  torsional  actuator  in  which  shear  piezoelectric  effect  (when  the  external 
electric  field  is  applied  perpendicular  to  the  polar  axis)  is  used  to  generate  the  angular  displacement.  We,  first,  present  the 
design  of  the  actuator  and  describe  its  operation  principle,  and,  second,  demonstrate  the  experimentally  measured 
characteristics  of  the  prototype  actuator.  The  data  obtained  shows  that  this  prototype  has  superior  characteristics  (angular 
displacement  and  torque  output  developed)  compared  to  the  previous  designs  of  torsional  actuators.  In  addition,  one  of  the 
obvious  advantages  of  the  present  design  of  the  actuator  is  its  simplicity:  the  piezoelectric  shear  strain  is  transformed 
directly  into  the  angular  displacement,  whereas  in  the  previously  reported  actuators,  the  conversion  mechanism  into  the 
torsional  motion  was  rather  complicated  which  thus  required  a  sophisticated  design  of  the  whole  system.3,5'7  Also,  in  most 
piezoelectric  materials  the  shear  piezoelectric  coefficient,  d15,  has  the  highest  value  among  piezoelectric  coefficients,  which 
is  another  advantage  of  using  shear  piezoelectric  effect  here. 

We  also  report  the  data  on  nonlinear  shear  piezoelectric  response  of  PZT  ceramics.  It  is  shown  that  this  response  is 
controlled  by  the  domain  wall  motion.  The  release  of  the  domain  walls  from  the  pinning  centers  by  the  electric  field  leads  to 
the  increase  in  the  piezoelectric  shear  coefficient,  di5,  of  PZT  ceramics  with  increasing  amplitude  of  the  driving  field.  This 
feature  is  very  important  for  the  application  of  PZT  in  the  proposed  torsional  actuator,  since  the  higher  the  dis,  the  larger 
will  be  the  values  of  the  torsional  angle  and  the  torque  output  of  the  actuator. 
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2.  ACTUATOR  DESIGN 


An  idea  of  the  torsional  actuator  proposed  in  this  paper  is  to  use  the  shear  piezoelectric  effect,  when  the  external  electric 
field  is  applied  perpendicular  to  the  direction  of  the  spontaneous  polarization.  Ps,  Fig.  1(a),  in  order  to  produce  the  angular 
displacement.  A  schematic  view  of  the  actuator  is  shown  in  Fig.  1(b).  The  actuator  is  a  tube  consisting  of  even  number  of 
piezoelectric  ceramic  segments  which  are  adhesively  bonded  together  using  a  conductive  epoxy,  which  acts  as  electrodes  to 
apply  the  driving  field,  E.  The  segments  are  poled  along  the  length,  P,.  The  tube  is  assembled  in  such  a  way  that  the 
neighboring  segments  have  the  polarization  direction  opposite  to  each  other,  and  are  electrically  connected  in  parallel.  This 
geometry  provides  the  unidirectional  shear  deformation  of  all  the  segments  under  the  applied  field.  Due  to  the  cylindrical 
symmetry  of  the  actuator,  the  shear  strain,  S5  =  d]5  ♦  E,  induced  in  each  segment  is  directly  transformed  into  the  angular 
displacement  P  of  the  top  of  the  tube  with  respect  to  its  bottom.  Fig.  1(b),  which  is  equal  to: 

P  =  ^-dl5  E  ,  (1) 

OUT 

where  L  is  the  length  of  the  tube  and  R^,  is  its  outer  radius.  This  equation  shows  that  even  though  the  shear  strain  is  usually 
quite  small  in  the  piezoelectric  materials,  a  large  torsional  displacement  P  can  be  achieved  by  using  a  tubular  structure  with 
a  large  ratio  of  UR^.  Using  elastic  properties  of  tube-shaped  samples,8  the  torque,  Tdev,  developed  by  the  actuator  can  be 
found  as: 


Tdev 


*(Rou,-Rfn) 

2S44  Rout 


(2) 


where  S44  is  the  shear  elastic  compliance  of  the  material  and  R^  is  the  inner  radius  of  the  tube.  Equation  (2)  shows  that  the 
torque  Tdcv  is  independent  of  the  length  of  the  tube,  even  though  the  angular  displacement  P  increases  linearly  with  L, 
Eq.(l). 


Figure  1.  (a)  In  piezoelectric  shear  effect,  electric  field,  E,  is  applied  perpendicular  to  the  direction  of  the 

spontaneous  polarization,  Ps,  thus  producing  the  shear  strain,  S5  =  d]5  •  E,  in  the  sample.  Solid  and  dashed  lines  show  the 
sample  before  and  after  deformation,  respectively,  (b)  The  proposed  torsional  actuator  is  a  tube  consisting  of  an  even 
number  of  the  segments  of  piezoelectric  ceramics  which  are  poled  along  the  length  and  bonded  together  using  a  conductive 
epoxy.  Neighboring  segments  have  the  polarization  direction  opposite  to  each  other,  as  shown  with  arrows  on  the  left.  The 
electric  field,  E,  is  applied  perpendicular  to  Ps,  and  has  opposite  directions  in  neighboring  segments  (as  shown  with  arrows 
on  the  right).  Therefore,  depending  upon  the  polarity  of  applied  voltage,  the  top  of  the  tube  will  twist  on  angle  p  either 
clockwise  or  counterclockwise  with  respect  to  its  bottom. 
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3.  EXPERIMENTAL 


A  prototype  torsional  actuator  was  fabricated  from  the  commercial  piezoelectric  ceramic  tube  of  composition  PZT-5A.9  The 
tube  was  first  cut  into  8  segments,  which  then  were  poled  along  the  length  using  a  continuous  poling  technique.10  Finally, 
the  segments  were  bonded  together  using  a  conductive  epoxy  according  to  the  design  shown  in  Fig.l.  The  prototype  actuator 
had  the  following  dimensions:  Rin  =  0.96  cm,  R^,  =  3.27  cm,  and  L  =  6.35  cm,  so  that  the  aspect  ratio  in  Eq.(l)  was  equal 
to  L/Rou,  =  5. 

To  characterize  the  developed  torsional  actuator,  we  measured  the  torsional  angle  P  produced  by  the  applied 
electric  field  in  the  following  experiments:  (i)  p  as  a  function  of  amplitude,  Em,  and  frequency,  f,  of  the  ac  driving  field, 
P(f,EJ,  (ii)  P  induced  by  the  dc  electric  field  as  a  function  of  the  external  static  torque,  p(E,T),  and  (iii)  p  induced  by  the  ac 
electric  field  as  a  function  of  the  external  static  torque,  p(Em,T).  In  all  the  experiments,  p  was  measured  using  a  MTI-2000 
fotonic  sensor,  by  attaching  a  small  mirror  on  the  top  of  the  actuator  and  measuring  the  distance  change,  Al,  between  the 
mirror  and  the  optical  fiber  probe  of  the  MTI-2000.  Afterwards,  the  value  of  Al  was  converted  into  the  torsional  angle,  p. 

The  effect  of  the  torque  load  on  the  actuator  performance,  (ii)  and  (iii),  was  studied  using  a  special  home  made  set¬ 
up  which  was  developed  in  our  laboratory,  Fig.2.  Although,  there  are  commercial  torque  load  test  machines  available,  they 
are  not  suitable  for  the  torque  load  test  of  torsional  actuators.  The  main  reason  is  that  these  machines  are  mainly  designed  to 
test  the  properties  of  the  metals,  and  therefore  deal  with  the  magnitudes  of  the  torque  and  twisting  angle  which  are  much 
larger  than  those  expected  for  the  piezoelectric  actuators.  Additionally,  the  commercial  machines  are  very  expensive,  which 
does  not  justify  their  purchase  and  the  following  modification  to  meet  the  requirements  of  experiments  with  actuators.  In  the 
developed  set-up,  Fig.2,  the  actuator  was  tightly  clamped  with  its  bottom  to  the  base  of  the  set-up,  and  its  top  could  twist 
under  the  applied  torque.  The  external  torque  was  produced  by  applying  the  force  to  the  lever  using  springs  with  different 
elastic  constants,  as  shown  in  the  top  part  of  Fig.2. 

In  the  experiment  with  load-free  conditions,  (i),  the  actuator  was  tightly  clamped  with  its  bottom  to  the  optical 
table,  whereas  its  top  was  free  to  move  thus  producing  the  torsional  displacement,  (3,  Fig.l(b). 
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Figure  3.  Piezoelectric  coefficient  di5  as  a  function  of 
the  amplitude  of  the  ac  driving  field  measured  at 
f  =  10  Hz.  Closed  circles  correspond  to  the  data  calculated 
from  the  torsional  angle  of  the  actuator  using  Eq.(l).  Plus 
signs  show  the  data  measured  directly  from  the  cubic 
ceramic  sample  of  the  same  composition,  PZT-5A. 
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Figure  2.  A  photograph  of  the  set-up  used  for  the  study 
of  the  effect  of  external  static  torque,  T,  on  the  response 
of  the  torsional  actuator,  P(E,T). 
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4.  CHARACTERISTICS  OF  PROTOTYPE  ACTUATOR 


4.1.  Proof  of  the  concept  of  the  proposed  torsional  actuator 

First  of  if  r  r  ^  tcC“t- *jl  e  was 

measured  data  for  P(f.E*)  to  den P  ^  h  (hwc  mcasurcd  directly  from  the  PZT-5A  ceramic9  samples  of 

substituted  for  E,  and  compared  the  obtained  d|5  .  tf_  inu.  As  one  can  sec  within  the  whole  range 

cubic  shape.  Figure  3  illustrates  this  centpar, 'he  data imca re  n^ly  the  same  a,  those 

of  the  ac  field  investigated,  the  values  of  the  is  ci  difference  could  be  attributed  to  the  difference 

measured  on  the  cubic  ceramic  sample  (plus  sign, sk  The  smah le  s  to 5  *.  d l.ffemn 

in  the  aging  states  of  ceramics  in  segments  and  *0  samples <f«  andc  duc  t0  , he  bonding  of  the 

was  about  100  times  longer  than  that  of  the  ceramic  samp 1),  P  -  b’  .  proposed  torsional  actuator.  Eq.(l). 

segments  in  the  lube.  Therefore,  the  -ul  presented  n Ftg. 3  proses  Ihe^nccp,  o^J>  ^  ^  displacemenl.  fl.  For 

S3E  thetorsiona,  angle  correspond, ng  to  the  ae  field  amplitude  E  =  2  kVfem.  is  et.ua,  to 
T-  0  oV  which  is  larger  than  the  values  reported  earlier  for  other  models  of  the  torsional  ac.ua.or  (see  below). 


4  2  Frequency  dependence  of  torsional  angle 

The  frequency  dependence  of  the  torsional  angle  was  measured  within  the  frequency  range  3  -  600  Hz  (or  high  eleeme 
fieWslEn^kV/cm.  Only  a  P  wa^measun^ovCT^  broad^frcqucncy  range 

from, 00^^^ 

also  measured  electric  impedance  Z(f),  o  ’  ,  actuator  was  standing  freely  on  the  sheet  of  a  foam).  This 

ends  of  the  tube  (top  and  bottom)  were  mechanically  free  (the  actuator' wa s  stand'  ^  ^  ^ 

™  ftew  from  121 “ dow"  ,0  6  kHZi  35  can  te 

in  FiSS  4<m  one  can’see  from  Fig.4(a).  when  the  bottom  of  the  actuator  is  clamped.  .he  angular  displacement  ofthe  actuator 
As  one  can  see  tro  g  W  ,  20  timcs  larger  lhan  that  corresponding  to  frequencies  below  1  kHz. 

measured  at  the  resonance,  fr  *  6  kHz,  is  appro  y  nossible  application  of  the  torsional  actuator  in  the 

Such  amplification  of  the  torsional  angle  at  the  tube  shown  in  Fig.  1(b) 

must'bTcombin^^th^e  piezoel^fiicfd^sk^ded'alon longitudinal ™ib°ationsfof  the 
ceramic' d^s^wi^controf  the^orma^force6 between  the  rotor  and  the  stator  which  is  necessary  to  transmit  the  tors.onal 
vibration. 


4  3  Effect  of  torque  load  on  prototype  actuator  performance 

We  investigated  the  effect  of  ^ ld  me  actuator  'tlnis^produdng^s'inUial  tvdsti'ng^Po^Aftcrward^a'dc 

opposite  to  po-  FlSure  5  Presents  the ^resu  i ts ^o  t ^is  ex; pe  ^  ^  ®  e  load  curveSf  where  the  measured  torsional  angle  is 

torque  loads.  The  same  data  are  replotted  g-  (  )  results  presented  in  Fig.5  clearly  demonstrates  that 

shown  ns  n  function  of  ih.  torque  a,  different ■  -eis ‘  f  ^  E'*lst  l  initial  twisiing  K  «»  be 

the  torque  load  almost  docs  not  change  the  p  electric  field  and  because  the  slope  of  p(E)  curve. 

SrSSS  does  no,  show  marked  change  with  increasing  T.  ef.  F,g.5(a>. 
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In  the  experiment  with  the  effect  of  external  static  torque  on  the  dynamic  response  of  the  prototype  actuator,  the  ac 
driving  field  of  10  Hz  was  applied  to  the  actuator  and  the  torsional  angle  was  measured  as  a  function  of  the  ac  field 
amplitude  and  the  torque  load.  Figure  6  shows  the  plot  of  the  ac  field  dependence  of  piezoelectric  coefficient  dis  derived 
from  the  data  on  P(Em)  using  Eq.(l).  Similar  to  the  static  response,  the  external  torque  does  not  affect  significantly  the 
actuator  response  to  the  ac  field.  Application  of  the  torque  results  only  in  a  small,  less  that  10%,  change  in  d15  from  its 
value  measured  under  load-free  condition,  T  =  0  N  m.  With  the  further  increase  in  the  value  of  T,  the  d15  remains  nearly 
constant,  Fig.6. 


Figure  4.  Frequency  dependence  (a)  of  the  torsional  angle  normalized  over  the  amplitude  of  the  ac  driving  field  for 

En,  =  50  V/cm,  and  (b)  of  the  electrical  impedance  of  the  torsional  actuator.  In  both  plots,  the  dotted  line  corresponds  to  the 
experiment  where  the  bottom  of  the  tube  was  clamped  to  the  optical  table,  whereas  the  solid  line  shows  the  data  measured 
on  the  tube  with  both  top  and  the  bottom  free.  The  position  of  the  fundamental  shear  resonance  along  the  length  of  the  tube 
is  denoted  as  fr. 


o  0.5  1  1.5 
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Figure  5.  (a)  Torsional  angle  of  the  prototype  actuator  is  plotted  as  a  function  of  applied  dc  field  at  different  external 

static  torque,  T.  (b)  Load  curves  for  the  torsional  angle  are  plotted  at  different  levels  of  applied  dc  field.  Symbols  shows 
experimentally  measured  values  of  the  torsional  angle,  and  the  solid  lines  correspond  to  the  fit  of  p(T)  to  the  linear 
function. 
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Figure  6.  The  effect  of  the  static  torque  on  the  dynamic  response  of  the  torsional  actuator.  The  plot  shows  the  values 

of  the  piezoelectric  coefficient  dj5  calculated  from  the  data  on  the  torsional  angle  and  plotted  as  a  function  of  the  amplitude 
of  the  ac  driving  field.  The  frequency  of  the  field  is  10  Hz.  The  values  of  applied  torque  arc  given  in  the  legend. 


4.4.  Comparison  with  other  torsional  actuator  designs 

In  order  to  further  evaluate  the  merits  of  the  proposed  torsional  actuator,  we  compare  the  performance  of  the  new  design 
with  that  of  other  torsional  actuators  published  earlier  in  the  literature,3  7  when  the  data  are  available  for  the  comparison. 

For  example,  for  similar  magnitude  of  the  driving  field,  E  =  2  kV/cm.  the  largest  value  of  the  torsional  angle  p 
produced  by  the  tube-shaped  actuator  (also  having  the  similar  dimensions,  L  and  R^)  studied  in  Ref. [4]  was  equal  to 
0.007°,  which  is  an  order  of  magnitude  smaller  than  the  value  reported  in  this  paper.  In  another  work,  the  ultrasonic  motor 
which  could  generate  the  torsional  motion  was  studied.3  For  similar  actuator  dimensions  (RoUt  *=  1.5  cm),  the  torque 
developed  by  the  motor  at  the  resonance  frequency  was  approximately  equal  to  1  N  m  under  an  ac  driving  field  of 
Em  «  1  kV/cm.  At  the  same  time,  for  the  actuator  developed  in  the  present  work,  Fig. 5(a)  shows  that  the  torque  developed 
under  the  field  E  =  1  kV/cm,  is  equal  to  2.8  N  m,11  which  is  about  3  times  larger  than  the  value  reported  in  Ref.[3].  In 
addition,  it  should  be  pointed  out  that  the  elastic  compliance  of  PZT  ceramics  measured  under  a  dynamic  torque  is  about 
two  times  smaller  than  that  measured  under  the  static  torque.12  Therefore,  due  to  the  smaller  value  of  sA4  in  Eq.(2),  a  much 
higher  torque  output  will  be  expected  for  this  actuator  at  higher  frequencies. 

Another  possible  design  of  the  torsional  actuator  is  to  use  the  piezoelectric  bimorph  and  to  convert  the 
displacement  of  its  tip  due  to  its  bending  under  the  driving  electric  field  into  the  torsional  motion  using  the  system  of  levers. 
Recently,  this  design  of  the  actuator  was  discussed  in  the  context  of  its  application  to  control  the  trailing  edge  flaps  of  rotor 
blades  in  helicopters.6,13  The  advantage  of  the  present  design  of  the  torsional  actuator,  Fig.  1(b),  over  that  based  on  the 
bimorph  becomes  clear  from  the  following  argument.  In  the  bimorph  system,  the  produced  torsional  angle  depends  upon  the 
displacement  of  the  tip  of  the  bimorph,  T|.  Since  r|  changes  with  the  length,  /b.  of  the  bimorph,  as:14  rj  «  Zb2,  the  longer  the 
bimorph,  the  larger  should  be  the  torsional  angle  p.  However,  the  increase  in  /b  will  result  simultaneously  in  the  decrease  of 
the  force,  F,  developed  by  the  bimorph,  since  the  force  is  inversely  proportional  to  the  length  of  the  bimorph:14  F  ©e  lh'\  At 
the  same  time,  the  tube-shaped  actuator,  Fig.  1(b),  is  free  of  this  drawback.  According  to  Eq.(2),  the  torque  developed  by  the 
actuator  is  independent  of  the  length,  L,  of  the  tube.  Therefore,  by  increasing  L,  one  can  achieve  larger  torsional  angle, 
Eq.(l):  P  oc  L/RoUI,  without  drop  in  the  torque  output. 

In  order  to  meet  the  requirements  of  every  particular  application,  further  improvement  of  the  characteristics 
(torsional  angle  and/or  torque  developed)  of  the  proposed  torsional  actuator,  can  be  achieved  as  follows.  The  increase  in  the 
magnitude  of  induced  shear  strain,  S5  =  di5(E)  •  E,  will  result  in  the  increase  of  both  p  and  Tdev,  as  predicted  by  Eqs.(l)  and 
(2).  This  implies  the  use  of  larger  values  of  driving  electric  field15  and  the  development  the  new'  piezoelectric  materials  with 
higher  values  of  shear  piezoelectric  coefficient,  d15(E)  (see  Section  5  of  this  paper).  From  the  engineering  point  of  view,  the 
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increase  in  the  torque  output  of  the  actuator,  Eq.(2),  can  be  achieved  by  using  the  tube  with  a  larger  outer  radius  Rout 
(which  gives  an  increase  proportional  to  R *ut )  and  with  a  smaller  ratio  Rin/RoUt. 


0ne  alt®rnative  to  the  tube-shaped  actuator.  Fig.  1(b),  is  a  conical  actuator  which  is  schematically  drawn  in  Fie.7. 
T  r  a  vanta§e  of  this  configuration  is  that  the  radius  of  the  end  1  can  be  made  much  larger  than  that  of  the  end  2  If  end  1 
is  fixed  at  a  support  and  end  2  generates  the  twisting,  this  design  is  quite  desirable.  For  conical  geometry,  the  length  L  of 
the  ceramic  segments  becomes  longer  than  that  in  the  tubular  structure,  Fig.l(b),  and  the  effective  outer  radius  of ’the 
actuator,  R,  becomes  smaller,  since  now  it  is  the  radius  of  the  actuator  at  the  end  2.  The  combined  effect  will  be  the 
increase  in  the  amplification  factor,  L/RoU„  in  Eq.(l ),  and,  therefore,  in  the  produced  torsional  an°le 


Figure  7  Schematic  drawing  of  the  torsional  actuator  fabricated  in  the  form  of  the  cone.  It  is  expected,  that  in  the 

rea  application,  the  end  1  is  fixed  at  a  support,  while  the  torsional  displacement  is  produced  at  the  end  2. 


5.  NONLINEAR  PIEZOELECTRIC  EFFECT 

In  transducer  applications,  the  piezoelectric  ceramics  is  often  subjected  to  high  electric  fields  where  the  electric  field 
dependence  of  induced  strain  is  strongly  nonlinear.2  The  example  of  the  nonlinear  behavior  can  be  seen  in  Fig.3  where  the 
piezoelectric  shear  coefficient,  dI5,  of  PZT-5A  exhibits  a  pronounced  increase  in  magnitude  with  increasing  ac  field  It  is 
believed  that  the  nonlinearity  of  the  piezoelectric  response  of  PZT  ceramics  is  dominated  by  the  irreversible  displacement  of 
domain  walls  •  _  which  separate  regions  of  the  material  with  different  orientation  of  spontaneous  polarization  Ps  The 
domain  wall  motion  may  be  affected  by  many  factors,  including  the  crystal  structure  and  microstructure  of  ceramics  the 
presence  of  impurities,  dopants,  defects,  and  a  local  variation  in  the  composition  of  ceramics.2,17  In  this  context’  the 
experimental  study  of  electric  field  dependence  of  piezoelectric  response  of  PZT  should  help  in  the  understanding  of  the  role 
of  each  of  the  above  factors  on  nonlinear  behavior  of  the  material.  In  its  turn,  this  should  give  a  clue  for  the  material 
devdqpnwu  for  Practical  applications.  For  the  torsional  actuator  based  on  the  shear  piezoelectric  effect,  which  is  proposed 
in  this  paper  Fig.  1(b),  the  characteristic  which  needs  to  be  optimized  is  the  highest  value  of  the  piezoelectric  coefficient 

d15(E),  as  a  function  of  the  driving  field.  The  higher  the  dIS,  the  larger  will  be  the  values  of  the  torsional  angle  and  the 
torque  output,  according  to  Eqs.(l)  and  (2).  6 

,  Figure  8  summarizes  the  results  of  the  study  of  nonlinear  shear  piezoelectric  response  of  PZT-5A.9  In  addition  to 
the  shear  strain  S5,  we  also  measured  the  polarization,  P,,  induced  in  the  direction  of  the  applied  field,  i.e.,  perpendicular  to 
the  polar  axis,  Ps.  Both  S5  and  P,  were  determined  from  the  measurement  of  the  first  harmonics  of  corresponding  signal, 
i.e.,  at  the  frequency  f  of  applied  electric  field.  Using  the  polarization  data,  we  calculated  the  dielectric  permittivity  of  the 
material,  using  the  following  relationship:  £,=*/(*•  EJ,  where  £<>  =  8.854-Kr12  F/m.  Figure  8(a)  shows  the  ac  field 
dependence  of  e,  and  d,5  of  PZT-5A,  measured  at  10  Hz.  As  one  can  see,  both  e,(EJ  and  dI5(Em)  can  be  well  described  by 
th  linear  function,  as  shown  with  the  solid  lines.  This  result  gives  the  clear  evidence  that  the  nonlinear  polarization  and 
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strain  responses  of  PZT  ceramics  are  due  to  the  domain  wall  motion,  and  not  due  to  the  response  of  the  crystal  lattice.  The 
reason  is  that  if  the  nonlinear  effect  were  due  to  the  response  of  the  crystal  lattice,  it  should  be  described  within  the  Landau- 
Ginzburg-Devonshire  theory  of  ferroelectrics.2  Using  symmetry  arguments  for  the  electric  field  applied  perpendicular  to  the 
direction  of  the  spontaneous  polarization,  this  theory  predicts  the  field  dependence  of  the  permittivity  and  piezoelectric 
coefficient  should  be  described  using  the  following  polynomial  expansions:19 

£|  =ao +3,  E2m +32E*  +...  .  (3) 

dIS=b0+b1-E2m+b2E4,.+...  .  (4) 


where  ak  3nd  bk  are  the  coefficients. 

The  fact  that  the  data  shown  in  Fig.8(a)  are  not  consistent  with  Eqs.(3)  and  (4)  let  us  conclude  that  the  nonlinear 
polarization  and  shear  piezoelectric  response  of  PZT-5A  is  controlled  by  the  domain  wall  motion.  Moreover,  one  can  say 
that  the  linear  function  describing  e^E*,)  and  d^fE^)  corresponds  to  the  nonanalytical  behavior  of  the  polarization  and 
strain  response  of  the  material  to  the  electric  field,  in  the  sense  that  this  function  docs  not  conform  the  symmetry  arguments, 
which  predict  the  material  behavior  according  to  Eqs.(3)  and  (4).  The  origin  of  nonanalytical  field  dependence  of  the 
dielectric  permittivity  and  the  piezoelectric  coefficient  is  the  release  of  the  domain  walls  from  the  pinning  centers  by  the 
electric  field,  which  leads  to  the  increase  in  both  c,  and  d15.  The  detailed  discussion  of  nonanalytical  field  dependence  of  the 
piezoelectric  properties  of  PST  due  to  the  domain  wall  motion  has  recently  been  presented  in  Refs.  [  16,18,19]. 

In  Fig.8(b),  we  replot  the  data  from  Fig.8(a)  in  the  coordinates  “piezoelectric  shear  coefficient  versus  dielectric 
permittivity”.  As  one  can  see,  the  experimental  data  (shown  with  the  closed  circles)  can  be  well  described  by  the  linear 
function,  d]5  =  g)5  •  £,,  where  gJ5  is  the  coefficient  (the  fit  is  shown  with  the  solid  line).  The  linear  relationship  between  djs 
and  £]  means  that  within  the  studied  range  of  the  electric  field,  E„  <  2  kV/cm,  the  same  law  governs  the  electric  field 
dependence  of  the  motion  of  domain  walls  which  contribute  to  the  polarization  and  strain  responses  of  PZT-5A.  Therefore, 
the  domain  wall  motion  can  be  studied  using  only  one  measurement,  either  strain  or  polarization. 


Figure  8.  (a)  An  ac  field  dependence  of  shear  piezoelectric  coefficient,  djs,  (plus  signs)  and  the  dielectric 

permittivity,  £,,  measured  in  the  direction  of  applied  field  (closed  circles)  of  PZT-5A  ceramics.  Solid  lines  correspond  to  the 
fit  ofd,3(EJ  and  e^EJ  to  the  linear  function,  (b)  The  same  data  are  replotted  in  the  coordinates  “d15  versus  £,”  and  the 
solid  line  shows  the  fit  of  the  data  to  the  linear  function,  d15  =  gi5  •  E|.  In  both  plots,  the  data  were  measured  using  the 
frequency  of  the  ac  field  equal  to  10  Hz. 
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6.  SUMMARY 


In  this  work,  we  have  developed  a  novel  type  of  the  piezoelectric  torsional  actuator  and  experimentally  studied  the 
characteristics  of  its  prototype.  The  data  obtained:  (i)  prove  the  proposed  concept  of  the  torsional  actuator,  (ii)  show  that  the 
actuator  functions  well  under  the  torque  load,  and  (iii)  demonstrate  that  the  actuator  has  superior  characteristics  (the 
angular  displacement  and  the  torque  output  developed)  compared  to  previously  reported  designs  of  the  torsional  actuator. 

The  study  of  nonlinear  piezoelectric  shear  response  of  PZT  ceramics  demonstrated  that  the  response  is  controlled 
by  the  domain  wall  motion.  The  release  of  the  domain  walls  from  the  pinning  centers  by  the  electric  field  leads  to  the 
increase  in  the  piezoelectric  shear  coefficient,  d15,  of  PZT  ceramics  with  increasing  amplitude  of  the  driving  field.  This 
feature  is  very  important  for  the  application  of  PZT  in  the  proposed  torsional  actuator,  since  the  higher  the  d^,  the  larger 
will  be  the  values  of  the  torsional  angle  and  the  torque  output  of  the  torsional  actuator.  Also,  the  nonlinear  behavior  of  the 
piezoelectric  coefficient  indicates  that  for  this  application,  the  further  material  development  should  aim  at  optimizing  the 
whole  characteristic,  d15(E),  in  order  to  achieve  the  highest  value  of  the  piezoelectric  coefficient  as  a  function  of  the  driving 
field. 
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Abstract 


Comparisons  among  three  techniques  for  measuring  high-voltage  piezoelectric  constants 
were  made,  which  have  been  developed  recently  by  ourselves:  two  piezoelectric  resonance 
methods,  one  with  a  constant  voltage  circuit,  one  with  a  constant  current  circuit,  and  a 
pulse  drive  method.  The  resonance  methods  generate,  in  general,  heat  during  the 
measurement,  while  the  pulse  method  is  not  associated  with  temperature  rise.  The 
conventional  resonance  method  with  a  constant  voltage  circuit  reveals  a  significant 
distortion  (or  a  hysteresis)  of  the  resonance  frequency  spectrum  under  a  high  vibration  level 
due  to  large  elastic  non-linearity,  which  prohibits  precise  determination  of  the 
electromechanical  coupling  parameters.  To  the  contrary,  the  resonance  method  with  a 
constant  current  circuit  (i.  e.  constant  velocity)  can  determine  the  coupling  parameters 
precisely  from  a  perfectly-symmetrical  resonene  spectrum. 
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INTRODUCTION 


High  power  piezoelectric  devices  such  as  piezoelectric  actuators,  ultrasonic  motors  and 
piezoelectric  transformers  are  now  being  developed  intensively  [1  -  3].  Here,  the  piezo¬ 
actuators  are  driven  under  comparatively  high  applied  voltages.  The  electromechanical 
coupling  data  in  the  manufacturer's  are  usually  determined  under  a  low  applied  voltage  (1 
V)  with  an  impedance  analyzer,  and  sometimes  disagree  with  the  high  voltage  experiments. 
Figure  1  illustrates  the  Pb(Zr,Ti)03  data  where  parameters  such  as  the  mechanical  quality 
factor  Q  decreases  drastically,  by  80  %,  on  increasing  drive  AC  voltage  or  vibration 
velocity  from  0.05  m/s  to  0.5  m/s  [4],  The  morphotropic  phase  boundary  composition 
with  the  lowest  Q  value  at  a  small  vibration  velocity  exhibits  the  highest  Q  value  at  a  high 
vibration  velocity.  Thus,  low-vibration  velocity  measurements  are  not  useful  to  evaluate 
the  high-vibration  velocity  values,  and  high  power  electromechanical  coupling  parameters 
must  be  actually  measured  under  a  large  vibration  level. 

This  paper  describes  the  comparison  among  three  techniques  for  measuring  high-voltage 
piezoelectric  constants  which  have  been  developed  recently  by  ourselves:  two  piezoelectric 
resonance  methods,  one  with  a  constant  voltage  circuit,  one  with  a  constant  current  circuit, 
and  a  pulse  drive  method.  The  resonance  methods  generate  heat  during  the  measurement. 
To  the  contrary,  the  pulse  method  is  not  associated  with  temperature  rise. 

RESONANCE/ANTIRESONANCE  METHODS 

Piezoelectric  transducers  have  two  characteristic  electromechanical  resonance  modes: 
resonance  and  antiresonance  from  an  electrical  point  of  view.  It  is  well  known  that  the 
mechanical  vibration  level  is  enhanced  at  the  resonance  frequency  when  driven  under  a 
constant  voltage.  It  is  worth  to  note  that  the  piezoelectric  transducer  can  also  provide  large 
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vibration  level  even  at  the  antiresonance  frequency  when  it  is  driven  appropriately.  For  this 
reason,  the  resonance  and  antiresonance  are  sometimes  designated  A-type  and  B-type 
resonances  from  a  mechanical  viewpoint. 

(1)  Constant  Voltage  Method 

The  conventional  measurement  method  is  the  constant  voltage  type,  which  includes 
impedance  analyzers.  Figure  2  shows  a  fundamental  circuit  for  measuring  the  piezoelectric 
resonance.  Lm,  Cm,  Rm  and  Cd  are  the  equivalent  motional  inductance,  capacitance, 
resistance  and  damped  capacitance  of  the  admittance-type  equivalent  electric  circuit  for  a 
piezoelectric  resonator.  The  measurement  was  carried  out  using  a  frequency  response 
analyzer  (NF  Corporation,  5090)  coupled  with  a  high  power  amplifier  (NF  Corporation, 
4005).  A  constant  voltage  measurement  provides  an  admittance  curve  as  a  function  of 
frequency,  as  shown  in  Fig.  3.  From  the  resonance  (maximum)  and  the  antiresonance 
(minimum)  frequencies,  the  electromechanical  coupling  parameters  are  determined  [5].  For 
an  example  of  a  rectangular  piezo-ceramic  plate,  the  k3 1  value  can  be  calculated  as 

k3i2/(l  -  k3i2)  =  (Jt2/4)  (4f/fr).  (Af=fa*fr)  (0 

However,  with  increasing  applied  electric  field  and  vibration  velocity,  the  resonance 
spectrum  peak  distorts  significantly,  sometimes  exhibiting  large  hysteresis  of  the  peak  upon 
rising  and  falling  drive  frequency,  as  shown  in  Fig.  4  [6].  This  distortion  causes  a  serious 
problem  in  determining  the  electromechanical  coupling  parameters  precisely.  The  distortion 
originates  in  elastic  nonlinearity,  because  a  very  large  mechanical  vibration  is  excited  at  the 
resonance  when  a  constant  voltage  method  is  employed.  Figure  5  shows  rough  estimation 
of  AC  voltage  dependence  of  the  electromechanical  parameters  keeping  the  DC  bias  at  35  V 
[7].  H  and  S  in  the  figure  denote  "hard"  and  "soft”  piezoelectrics,  respectively. 
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(2)  Constant  Current  Method 


Around  the  electromechanical  resonance  frequency,  the  vibration  amplitude  is  proportional 
not  to  the  voltage,  but  to  the  current,  as  shown  in  Fig.  6  [8].  Therefore,  to  determine  the 
electromechanical  coupling  parameters  precisely,  an  admittance  curve  should  be  taken 
under  a  constant  current  condition,  i.  e.  under  a  constant  vibration  amplitude  [9].  Figure  7 
shows  an  automatic  measurement  circuit  with  a  differential  circuit  to  maintain  a  constant 
current.  As  demonstrated  in  Fig.  8,  a  constant  current  measurement  provides  a  completely 
symmetrical  admittance  peak  spectrum  without  a  hysteresis  or  a  jump  phenomenon  up  to  a 
high  vibration  velocity  level  [6].  Using  a  profile  fitting  technique  to  the  resonance 
spectrum,  we  can  determine  the  necessary  components,  i.  e.  inductance,  capacitance, 
resistance  of  the  admittance-type  equivalent  electric  circuit  for  a  piezoelectric  resonator.  On 
the  other  hand,  to  determine  the  electromechanical  coupling  parameters  at  the  antiresonance, 
a  constant  voltage  condition  should  be  employed. 

Figure  9  shows  example  data  of  mechanical  quality  factors,  Qa»  OB  and  the  temperature 
rise  for  the  resonance  and  the  antiresonance  modes  for  a  rectangular-shape  PZT  resonator 
plotted  as  a  function  of  vibration  velocity  [9].  Note  that  an  effective  vibration  velocity  is  a 
material's  constant  independent  of  the  sample  size,  and  was  defined  as  ^2-Jt  f-um,  where  f 
is  the  resonance  or  antiresonance  frequency  and  um  is  the  maximum  vibration  amplitude  of 
the  the  piezoelectric  device.  It  is  important  that  the  mechanical  quality  factor  decreases 
drastically  above  a  certain  critical  vibration  velocity  (0.1  m/s),  where  a  drastic  temperature 
rise  starts.  We  have  suggested  that  the  heat  generation  is  mainly  attributed  to  a  P  -  E 
hysteresis  loss  rather  than  the  mechanical  loss.  Note  also  that  Qb  is  higher  than  Qa  over 
the  entire  vibration  velocity  range,  and  that  the  temperature  rise  of  the  sample  is  less  for  the 
B-type  resonance  (antiresonance)  than  for  the  A-type  resonance.  This  indicates  that  the 
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antiresonance  mode  is  superior  to  the  conventional  resonance  mode,  particularly  for  high 
power  applications, 

PULSE  DRIVE  METHOD 

An  alternative  method  to  measure  high  voltage  piezoelectric  characteristics  is  the  pulse  drive 
method.  By  applying  a  step  electric  field  to  a  piezoelectric  sample,  the  transient  vibration 
corresponding  to  the  desired  mode  (extentional,  bending  etc.)  is  measured  (see  Fig.  10). 
The  resonance  period,  saturated  displacement  and  damping  constant  are  obtained 
experimentally,  from  which  the  elastic  compliance,  piezoelectric  constant,  mechanical 
quality  factor  and  electromechanical  coupling  factor  can  be  calculated.  This  time-domain 
measurement  should  be  equivalent  to  the  above  mentioned  frequency-domain  resonance 
measurement  through  the  Fourier  transformation. 

An  example  procedure  to  determine  the  electromechanical  parameters  is  described  for  a 
multilayer  piezo-actuator.  Knowing  the  permittivity  £,  density  pand  size  (length)  L  of  the 
sample  independently  of  the  pulse  drive  experiment,  the  piezoelectric  constant  d33  can  be 
determined  at  first  from  the  saturated  displacement  Ds: 

Ds  =  d33  E3  L.  (2) 

Second,  from  the  resonance  period  To  or  the  resonance  frequency  fr  (=  1/To),  elastic 
compliance  S33E  can  be  calculated: 

fr  =  1/ 2L(f>s33E)1/2-  (3) 

Then,  the  electromechanical  coupling  factor  k33  is  obtained  from 
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k33  =  d33  /  (E33x  s33E)1/2. 


(4) 


Finally,  the  mechanical  quality  factor  Qm  is  calculated  from  the  damping  constant  t: 

Qm  =  (1/2)ujo  t.  (u>o  =  27t/To)  (5) 

Although  the  experimental  accuracy  is  not  high,  the  simple  setup  is  attractive  especially  for 
its  low  cost.  Moreover,  unlike  the  resonance/antiresonance  methods,  this  technique 
requires  only  one  voltage  pulse,  and  thus  does  not  generate  heat.  The  detailed  theoretical 
background  of  this  technique  was  described  in  our  previous  paper  [10]. 

Figure  1 1  shows  the  applied  field  dependence  of  the  electromechanical  parameters  in  a 
multimorph  actuator,  the  structure  of  which  is  also  inserted  in  the  figure.  A  significant 
increase  with  increasing  the  electric  field  was  found  in  the  piezoelectric  constant  d3i  and 
electromechanical  coupling  factor  k3i,  while  a  decrease  was  observed  in  the  quality  factor 
Qm- 

Finally,  high  power  characteristics  of  a  soft  piezoelectric  PZT-based  ceramic  sample 
measured  by  the  constant  current  and  pulse  drive  methods  were  compared  in  Fig.  12. 
Here,  an  equivalent  vibration  velocity  for  the  pulse  drive  method  was  estimated  by 

v  =  (up.p/  2^2)  (2ji  fr),  (6) 

where  Up-p  is  twice  the  maximum  vibration  amplitude  of  ringing.  Although  the  absolute 
values  were  slightly  different,  similar  tendency  with  changing  vibration  velocity,  i.  e.  a 
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drastic  decrease  in  Qm  and  an  insensitive  change  in  the  elastic  compliance  si  i^,  was 
obtained  for  both  the  measuring  methods. 

CONCLUSIONS 

This  paper  demonstrated  significant  changes  in  electromechanical  parameters  such  as 
piezoelectric  constants  and  mechanical  quality  factors  with  increasing  applied  electric  field 
or  vibration  velocity,  thus  concluded  that  high  power  electromechanical  coupling 
parameters  must  be  actually  measured  under  a  large  vibration  level. 

Comparisons  among  three  techniques  for  measuring  high-voltage  piezoelectric  constants 
were  made,  which  have  been  developed  recently  by  ourselves:  two  piezoelectric  resonance 
methods,  one  with  a  constant  voltage  circuit,  one  with  a  constant  current  circuit,  and  a 
pulse  drive  method.  The  resonance  methods  generate,  in  general,  heat  during  the 
measurement,  while  the  pulse  method  is  not  associated  with  temperature  rise.  The 
conventional  resonance  method  with  a  constant  voltage  circuit  reveals  a  significant 
distortion  (or  a  hysteresis)  of  the  resonance  frequency  spectrum  under  a  high  vibration 
level,  which  prohibits  precise  determination  of  the  electromechanical  coupling  parameters. 
To  the  contrary,  the  resonance  method  with  a  constant  current  circuit  can  determine  the 
coupling  parameters  precisely  from  a  perfectly-symmetrical  resoncne  spectrum. 

Merits  (+)  and  demerits  (-)  of  these  measurement  techniques  for  high  power  piezoelectic 
characteristics  are  summarized: 

(1)  Resonance/antiresonance  method  -  Heat  generation 

a)  Constant  voltage  method  -  Distortion  of  the  resonance  spectrum 

•  Vibration  velocity  change 
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b)  Constant  current  method 


+  Symmetric  resonance  spectrum 
+  Constant  velocity  measurement 

(2)  Pulse  drive  method  +  No  heat  generation 

-  Low  accuracy 
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FIGURE  CAPTIONS 


Fig.  1  Mechanical  Q  versus  basic  composition  x  at  effective  vibration  velocity  v()  =  0.05 
m/s  and  0.5  m/s  for  Pb(ZrxTil-x)03  +  2. 1  at%  Fe  ceramics. 

Fig.  2  Conventional  constant  voltage  measurement  circuit. 

Fig.  3  Admittance  curve  as  a  function  of  frequency  measured  around  the  resonance  and 
antiresonance  modes  under  a  constant  voltage  condition. 

Fig.  4  Resonance  curves  for  various  vibration  velocity  measured  by  the  constant  voltage 
method. 

Fig.  5  AC  voltage  dependence  of  the  electromechanical  parameters  for  a  fixed  DC  bias  of 
35  V.  H  and  S  denote  hard  and  soft  piezoelectrics,  respectively. 

Fig.  6  Displacement  versus  motional  current  at  the  resonance  frequency. 

Fig.  7  Automatic  measurement  system  with  constant  driving  current. 

Fig.  8  Resonance  curves  measured  by  the  constant  current  method. 

Fig.  9  Vibration  velocity  dependence  of  the  quality  factor  and  the  temperature  rise  for 
both  A-  (resonance)  and  B-  (antiresonance)  type  resonances  of  a  rectangular  PZT 
resonator. 

Fig. 10  Pulse  drive  technique  for  measuring  the  electromechanical  parameters. 

Fig.  11  Applied  electric  field  dependence  of  the  electromechanical  parameters  in  a 
multimorph  piezoelectric  actuator  measured  by  the  pulse  drive  method. 

Fig.  12  Comparison  of  high  power  characteristics  in  a  soft  piezoelectric  PZT-based 
ceramic  sample  measured  by  the  constant  current  and  pulse  drive  methods. 
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HIGH  ELECTROMECHANICAL  COUPLING  PIEZOELECTRICS 
-  HOW  HIGH  ENERGY  CONVERSION  RATE  IS  POSSIBLE 
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ABSTRACT 

A  new  category  of  piezoelectric  ceramics  with  very  high  electromechanical  coupling  was 
discovered  in  a  lead  zinc  niobatedead  titanate  solid  solution  in  a  single  crystal  form.  The  maximum 
coupling  factor  k33  reaches  95%,  which  corresponds  to  the  energy  conversion  rate  twice  as  high 
as  the  conventional  lead  zirconate  titanate  ceramics.  This  paper  reviews  the  previous  studies  on 
superior  piezoelectricity  in  relaxor  ferroelectric:  lead  titanate  solid  solutions  and  on  the  possible 
mechanisms  of  this  high  electromechanical  coupling. 

KEY  WORDS:  electromechanical  coupling,  piezoelectric,  relaxor  ferroelectric,  domain  motion 


INTRODUCTION 

Lead  zirconate-titanate  (PZT)  ceramics  are  well  known  piezoelectrics  widely  used  in  many 
transducers.  Their  applications  include  gas  igniters,  force/acceieration  sensors,  microphones, 
buzzers,  speakers,  surface  acoustic  wave  niters,  piezoelectric  transformers,  actuators,  ultrasonic 
motors,  ultrasonic  underwater  transducers,  and  acoustic  scanners  [1,2].  Particularly  in  recent 
medical  acoustic  imaging,  higher  electromechanical  coupling  materials  are  eagerly  required  to 
improve  the  image  resolution.  Under  these  circumstances,  relaxor  ferroelectric:  lead  titanate  solid 
solution  systems  with  superior  electromechanical  coupling  factors  to  the  conventional  PZT  have 
been  refocused,  which  were  initially  discovered  in  a  lead  zinc  niobatedead  titanate  system  by  the 

author’s  group  in  1981  [3],  .  .  .  ,  ,  .  .  . 

This  paper  reviews  the  previous  studies  on  superior  piezoelectricity  in  relaxor  ferroelectric:  lead 
titanate  solid  solutions,  then  on  peculiar  domain  motions  in  these  materials,  finally  possible 
mechanisms  are  considered  for  this  extremely  high  electromechanical  coupling. 

ELECTROMECHANICAL  COUPLING  FACTORS 

The  terminologies,  electromechanical  coupling  factor  and  efficiency  are  sometimes  confused. 
Let  us  consider  them  at  first  The  electromechanical  coupling  factor  k  is  defined  as 

k2  =  (Stored  mechanical  energy  /  Input  electrical  energy)  ( 1 ) 

or  ... 

=  (Stored  electrical  energy  /  Input  mechanical  energy).  (2) 

When  an  electric  field  E  is  applied  to  a  piezoelectric  actuator,  since  the  input  electrical  energy  is 
(1/2)  £()£  E2  per  unit  volume  and  the  stored  mechanical  energy  per  unit  volume  under  zero  external 
stress  is  given  by  (1/2)  x2  /  s  =  (1/2)  (d  E)2  /  s,  k2  can  be  calculated  as 

k2  =  [(1/2)  (d  E)2  /  s]  /  [(1/2)  eoe  E2] 

*  d 2  /  eoE'S.  (3) 
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On  the  other  hand,  the  efficiency  q  is  defined  as 


T|  =  (Output  mechanical  energy)  /  (Consumed  electrical  energy)  (4) 

=  (Output  electrical  energy)  /  (Consumed  mechanical  energy).  (5) 


In  a  work  cycle  (e.  g.  an  electric  field  cycle),  the  input  electrical  energy  is  transformed  partially 
into  mechanical  energy  and  the  remaining  is  stored  as  electrical  energy  (electrostatic  energy  like  a 
capacitor)  in  an  actuator.  Then,  this  ineffective  energy  can  be  returned  to  the  power  source, 
leading  to  near  100  %  efficiency,  if  the  loss  is  small.  Typical  values  of  dielectric  loss  in  PZT  are 


The  electromechanical  coupling  factor  is  different  according  to  the  sample  geometry.  Figure  1 
shows  two  sample  geometries  corresponding  to  k33  and  k3i,  which  we  wiU  discuss  later.  In 
some  particular  applications  such  as  Non-Destructive  Testing,  large  piezoelectric  anisotropy,  l.  e.  a 
large  value  of  the  ratio  k33/k3i,  is  required  to  improve  the  image  quality  in  addiuon  to  a  large 
value  of  k33  itself.  However,  the  empirical  rule  suggests  that  these  two  requirements  are 
contradictory  to  each  other.  In  Figure  2  we  plotted  the  k33  versus  k3 1  relation  tor  v^ous 
perovskite  oxide  piezoelectric  polycrystal  and  single  crystal  samples  such  as  Pb(Zr,Ti)U3. 
PbTi03,  Pb(Zn  1/3 Nb 2/3)03  and  Pb(Mgi/3Nb2/3)03  based  compositions  [4],  It  is  obvious  from 
this  convex  tendency  that  the  piezoelectricity  becomes  isotropic  (i.  e.  the  k33^k31  rat*o  approac  es 
to  1)  with  increasing  the  electromechanical  coupling  factor  (i.  e.  the  k33  value). 
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(a)k33  (b)k3l 

Fig.  1  Typical  vibration  modes  of  piezoelectric  devices. 


'k3l 

Fig.2  Relation  between  k33  and  k3i  for  various  perovskite  oxide  piezoelectrics. 


HIGH  ELECTROMECHANICAL  COUPLING  ?*IATERIALS 

Morphotropic  Phase  Boundary  Composition 


Conventionally.  Pb(Zr.7i';C>3  (PZT),  PbTi03  (PT)  and  PZT  based  ternary  ceramics  with  a 
small  amount  of  a  reiaxor  ferroelectric  have  been  utilized  tor  piezoelectric  applications.  Figure  3 
shows  the  composition  dependence  of  permittivity  and  electromechanical  coupling  factor  kp  in  the 
PZT  system.  It  is  notable  that  the  morphotropic  phase  boundary  i.MPB)  composition  between  the 
rhombohedral  and  tetragonal  phases  exhibits  the  maximum  enhancement  in  dielectric  and 
piezoelectric  properties:  this  is  explained  in  terms  of  a  phenomenological  theory  [5].  The  physical 
properties  of  a  perovskite  solid  solution  between  A  and  B.  (1-x)  A  -  x  B,  can  be  estimated  through 
the  Gibbs  elastic  energy  of  a  soiid  solution,  if  we  suppose  a  linear  combination  of  the  Gibbs  elastic 
energy  of  each  component: 

Gi(P,X,T)  =  (1/2)[(1  -  xictA  +  xcxb]  P2  +  (1/4)[(1  -  x)0A  +  xpB]  P4 

+  (1/6)[(1  -x)YA  +  x7BJ  P6 

-  (1/2)[(1  -  x)sA  +  xsBJ  -  [(1  -  x)Qa  +  xQB]  P2  X,  (6) 
where  aA  =  (T  -  Tq,aJ  /  £0  Ca  ana  afi  =  (T  -  To,B)  /  £0  Cb. 


Fig.3  Composition  dependence  of  permittivity  and  electromechanical  coupling  factor  kp 

in  the  PZT  system. 

The  solution  provides  reasonable  first-order  estimates  of  the  Curie  temperature,  spontaneous 
polarization  and  strain,  as  well  as  the  enhancement  of  the  permittivity,  piezoelectric  constant  and 
electromechanical  coupling  at  the  MPB  composition. 

Note  that  in  virgin  samples  of  piezoelectric  ceramics,  the  polarizations  of  grains  (micro  single 
crystals  making  up  a  polycrystalline  sample)  are  randomly  oriented  (or  domains  are  oriented 
randomly  even  in  each  grain,  if  the  grain  size  is  large  enough  for  a  multi-domain  state)  so  as  to 
cancel  the  net  polarization  in  total.  In  a  similar  fashion,  the  net  strain  is  negligibly  small  under  an 
external  electric  field.  Hence,  before  use,  it  is  necessary  to  apply  a  relatively  large  electric  field  (> 
3  kV/mm)  to  align  the  polarization  direction  of  each  grain  as  much  as  possible.  Such  a  treatment  is 
called  electric  poling. 


5 


On  the  other  hand,  reiaxor  terrociectrics  such  as  Pb(Mgi/3Nb2/3)03:PbTi03  compositions 
have  been  focused  due  to  their  giant  electrostriction  [6].  Few  work  has  been  conducted  on 
piezoelectric  properties  at  the  MPB  region  before  the  triai  by  the  author's  group. 

We  focused  on  singie  crystals  of  (T-x)Pb(Zni/3Nb2/3)03-  xPbTi03  (PZN-PT)  which  are 
relatively  easiiv  grown  by  a  flux  method  over  the  whole  composition  range,  compared  with  the 
case  in  the  PbfZr.TiiCh  i.PZT)  system.  This  system  exhibits  a  drastic  change  from  a  diffuse  phase 
transition  to  a  sharp  transition  with  an  increase  of  the  PT  content,  x.  correlating  to  the  existence  of 
a  morphotropic  phase  boundary  from  a  rhombohedral  to  a  tetragonal  phase  around  x  =  0.1  [7]. 
Figure  4  shows  the  phase  diagram  of  this  system  near  the  MPB  region. 
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PZN  I—  PT 


Fig.4  Phase  diagram  of  (l-x)Pb(Zni/3Nb2/3)03-  xPbTi03  (PZN-PT). 

The  most  intriguing  piezoelectric  characteristics  have  been  found  in  the  MPB  compositions 
with  0.05<  x  <0.143.  which  exhibit  two  multiple  phase  transitions,  changing  the  crystal  symmetry 
from  rhombohedral  to  tetragonal,  then  to  cubic  during  heating  [3].  Figure  5  shows  the 

composition  dependence  of  the  pyroelectric  coefficient  X3T,  piezoelectric  constants  djj, 

electromechanial  coupling  factors  kjj,  elastic  compliances  sjjE  and  dielectric  constant  E3T  measured 
at  room  temperature  [3],  The  superscript  *  is  for  the  crystal  with  the  rhombohedral  symmetry  at 
room  temperature  poled  along  the  pseudocubic  [001]  direction.  Figure  6  shows  the  temperature 
dependence  of  electromechanical  coupling  factors  k33  and  k3i  measured  with  bar-shaped 
specimens  of  0.91PZN-0.09PT  [8].  Special  notations  have  been  introduced  to  describe  the  elastic 
and  electromechanical  constants  for  a  sample  poled  in  a  certain  direction.  The  s^[001]//  or 
sE[lli]//  are  defined  from  the  resonance  frequency  of  a  bar  sample  elongated  and  poled  in  the 
pseudocubic  [001]  or  [1 11]  axes,  respectively.  The  [001]  and  [111]  axes  are  the  principle  axes  of 
the  tetragonal  and  rhombohedral  phases  and  also  the  poiing  directions  for  each  sample.  The 
coupling  coefficients  k[001]//  and  k(m]//  are  consequently” calculated  from  the  resonance  and 
antiresonance  frequencies  of  the  same  sample.  .-Ml  the  electromechanical  components  show  a  very 
large  kink  anomaly  at  the  rhombohedral-tetragonal  transition  temperature,  and  a  rapid  decrease  in  k 
or  an  increase  in  d  and  sE  on  approaching  the  Cuie  point.  These  components  vanish  just  above  the 
Curie  point 

Table  I  summarizes  the  elastic,  piezoelectric,  electromechanical  and  dielectric  constants  and 
the  spontaneous  polarization  of  0.91PZN-0.09PT  for  the  rhombohedral  and  tetragonal  phases.  It 
is  important  that  the  sample  electrically  poled  along  the  pseudocubic  [001]  axis  (not  the  principal 
axis  in  the  rhombohedral  phase!)  reveals  a  very  large  piezoelectric  constant  d[Q01]//  =  1.5x10*9 
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Table  I  Elastic,  piezoelectric,  electromechanical  and  dielectric  constants  and  the  spontaneous 
polarization  of  0.91PZN-0.09PT  for  the  rhombonedral  and  tetragonal  chases. 


Rhomb,  phase 

Tet.  phase 

Unit 

Temp. 

25 
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’C 

s:  mu 

18 
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13.6 
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56 
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1 1 1 lx 
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k[\  1 1  Vt 
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0.53 
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~^tootu 

0.62 

0.48 

kiooivt 
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0.83 

c?l  ill// 
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€Ioot  Vt 
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1880 

— 

tflllVf 

2200 

— 

ffoon  // 

295 

570 

p. 

0.52 

0.30 

C/or 

Recently,  two  groups  of  Yaraashita  (Toshiba)  and  Shrout  (Penn  State)  reconfirmed  the 
author's  original  work,  and  extended  the  investigation  to  a  wide  range  of  relaxor  fenroelectrics 
such  as  Pb(Mgi/3Nb2/3)03-PT.  Pb(Sci/2Tai/2)C>3-PT  and  Pb(Sci/2Nbi/2)03-PT.  Large 
electromechanical  coupling  factors  kp,  k33  and  piezoelectric  constant  d33  of  these  binary  svstems 
are  listed  in  Table  H. 

Table  II  Large  electromechanical  coupling  factors  kp,  k33  and  piezoelectric  constant  d33 

of  relaxor  ferroelectric  binary  systems. 


MATERIAL 

FEATURE 

kp(%) 

k33  (*)  d33  (pC/N)  REFERENCE 

PZT  53/47 

Polycrystal 

52 

67 

220 

[9] 

67 

76 

400 

[10] 

PZN:PT91/9 

Single  crystal 

92 

1500 

[8] 

PMNtPT  67/33 

Polycrystal 

63 

73 

690 

[11] 

Single  crystal 

1500 

[12] 

PST:PT  55/45 

Polycrystal 

61 

73 

655 

[13] 

PSN:PT  58/42 

Polycrystal 

71 

77 

450 

[14] 
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Measurements  on  electric  field-induced  polarization  and  strain  were  carried  out  on  a  pure  PZN 
single  crystal  bv  Shrout  et  al  [15].  The  polarization  and  strain  curves  are  piotted  for  the  < :111> 
(the  spontaneous  Dolarization  direction!)  and  <100>  orientations  in  Fig.  7.  Even  tnough  the  [100] 
plate  sample  showed  the  "ideal"  P  vs.  E  or  strain  vs.  E  behaviors  ot  a  mono-domain  crystal,  notice 
that  the  absolute  vaiue  of  P  is  much  larger  in  the  [111]  plate  sample;  this  indicates  again ^the 
spontaneous  polarization  along  the  <1 1 1>  axis.  He  also  reported  the  poling  direction-dependent 
electromechanical  coupling  factors  in  PZN;  k[001]//  -  ,r)  S5  was  much  larger  than  £[111]//-  0.38, 
in  a  similar  fashion  to  0.91PZN-0.09PT.  These  results  also  suggest  the  importance  ot  the  domain 
contribution  to  dielectric  and  piezoelectic  properties. 
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Fig.7  Polarization  and  strain  curves  plotted  for  the  <  1 1 1>  and  <  100>  orientations  in  pure  PZN. 
DOMAIN  MOTION  IN  RELAXOR  FERROELECTRICS 
Hktnrimi  Background  of  Domain-Controlled  Piezoelectric  Transducers 

Historically,  most  of  the  studies  on  ferroelectric  single  crystals  and  polycrystalline  materials 
have  aimed  to  simulate  the  mono-domain  state,  desiring  to  derive  the  better  characteristics  from  the 
specimens:  ceramics  as  well  as  single  crystals  were  poled  electrically  and/or  mechamcaQy  to 
reorient  the  domains  along  one  direction.  Researches  on  controlling  domains  intentionally  can  be 
found  in  electrooptic  devices  and  ferroelectric  memory  devices  in  particular  However,  tne 
intentional  domain  control  has  not  been  utilized  or  applied  occasionally  in  the  actuator  and 
transducer  areas.  Recent  requirements  for  the  higher  performance  transducers  encourages  the 
investigation  on  the  possibility  of  domain-related  effect  usage. 

Developments  in  high  resolution  CCD  optical  microscope  systems  and  m  single  crystal  growth 
techniques  are  also  accelerating  these  domain-controlled  piezoelectric  devices.  A  high  resolution 
CCD  (Charge  Coupled  Device)  camera  was  attached  to  a  Nikon  Transmission  Petrographic 
Microscope  which  was  connected  to  a  monitor  and  VCR  (illustrated  in  Fig.8)[16].  ^ie 
birefringence  between  the  domains  permits  the  observation  ot  the  domains  with  the  polarizing  light 
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microscope.  The  microscope  system  also  allows  magnifications  up  to  xl300  on  tne  monitor.  The 
temperature-controlled  sample  stage  (Linkam  Inc.  )  in  conjunction  with  the  deep  local  point  of  the 
objective  lenses  allows  an  electric  field  to  be  safely  applied  across  the  samoie  between  -185  and 
600 'C.  The  stationary  and  switching  domains  can  be  instantaneously  recorded  bv  the  VCR  and 
observed  on  the  monitor. 

Single  crystal  growth  methods  of  PZN-PT  are  described  here  for  example  jS],  The  powders 
used  were  Pb304,  Ti02,  ZnO  and  Nb2C>5.  Excess  ZnO  was  added  in  some  cases  to  counteract 
the  evaporation  during  crystal  growth.  PbO  was  used  as  the  flux.  The  mcie  ratio  of  the  flux  to 
composition  was  varied  from  1:1  to  3:2.  The  batch  sizes  were  changed  from  75  2raras  to  500 
grams.  The  raw  powders  were  loaded  into  a  platinum  crucible  and  charged  several  times  at  900*C 
until  the  crucible  was  full.  The  crucible  was  then  partially  sealed  with  a  Pt  lid.  The  sealed  Pt 
crucible  was  placed  in  an  alumina  crucible  and  sealed  once  again.  The  crucibles  were  placed  in  a 
box  furnace  with  a  temperature  controller.  The  cooling  rate  was  veried  from  0.5  to  3’C/hr  down  to 
900  C.  After  the  temperature  reaches  900*C,  the  furnace  was  fast  cooled  at  50*C/hr  to  room 
temperature.  The  single  crystals  were  leached  from  from  the  flux  with  warm  25  vol5£  nitric  acid. 
Single  crystals  with  a  dimension  of  1  cm^  could  be  obtained. 
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Fig.8  CCD  optical  microscope  system. 

Domain  Configurations  in  PZN-PT 

Let  us  review  the  relation  between  domain  configurations  and  physical  properties  in  relaxor 
ferroelectrics.  Figure  9  shows  the  static  domain  configurations  for  die  samples  of  x  =  0. 0.07  and 
0.095  of  (l-x)Pb(Zni/3Nb2/3)03-  xPbTi03  (PZN-PT)  [17].  The  pure  PZN  did  not  exhibit  large 
clear  domains  in  the  whole  temperature  range  when  it  was  unpoled  (i.  e.  micro-domains). 
Rhombohedral  domains  could  be  described  as  having  an  ambiguous  spindle-like  morphology. 
Ambiguity  refers  to  the  variation  of  domain  widths  and  lengths  which  appear  as  an  interpenetrating 
structure.  With  increasing  the  PT  content,  this  small  spindle-like  domain  was  enlarged  and  the 
domain  wall  became  sharp.  Tetragonal  domains  appear  to  have  a  well  defined  lamellar 
morphology,  and  are  either  at  right  angles  or  antiparallel.  Therefore,  even  though  the  widths  and 
lengths  of  the  tetragonal  domains  vary,  the  divisions  between  the  domains  are  well  defined  and  no 
interpenetrating  structure  is  observable.  Notice  that  the  morphotropic  phase  boundary  (MPB) 
composition  (x  =  0.095)  shows  the  coexistence  of  both  rhombohedral  (spindle-like)  and  tetragonal 
domains  (sharp  straight  line);  the  two-phase  coexistence  can  not  be  found  staticailv  in  normal 
ferroelectric  materials  such  as  BaTi03. 
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Room.  Tem.j>.  Elevcuueo  Te^p. 


Fie  9  Static  domain  configurations  for  the  samples  of  x  -  0, 0.07  and  0.095 

of  (l-x)Pb(Zni/3Nb2/3)03- xPbTi03  (PZN-PT). 


Figures  10  and  11  show  the  actual  domain  reversal  processes  and  their  schematical  illustration 
undeAn  applied  electric  field  [18].  Sharp  90*  domain  wails  corresponding  to  the  tetragonal 
symmetry  mthe  sample  with  x  =  0.2  moved  abruptly  and  rather  independently  each  other  above  a 
coercive^ield  of  1  kV/rarn.  The  situation  resembles  to  the  case  m  nomal  fe^oe  ecuics  On i  the 
contrary  Dure  PZN  (x  =  0.01  revealed  very  different  domain  mouon.  During  electric  neld  cycles. 
micnAomacro-domam  growth  occurred,  and  long  narrow  spindle-like  dommns  l“?ec*  = 
10)  were  arranged  rather  perpendicularly  to  the  electnc  held  (18  degree  canted).  ♦ 

above  0  5  kV/mm  was  applied,  the  ambiguous  domain  walls  nppled  simultaneously  in  a  certain 
size  region,  so  that  each  domain  should  change  synchronously  like  cooperative  phenomena.  The 
domain  reversal  front  (180*  domain  wall)  moved  rather  slower  than  in  the  sample  or  x .  -  0.2.  It  is 
noteworthy  that  the  stripe  period  of  the  dark  and  bright  domains  (probably  corresponding  to  up 
and  down'polarizations)  was  not  changed  by  the  domam  reversal,  and  that  ei5^do^aig1 
chanced  under  an  AC  external  field  with  zero  net  polarization  at  zero  field.  TJus.  the  relator 
crystal  is  electrically-poled  easily  when  an  electnc  held  is  applied  around l  the 
temperature,  and  depoled  completely  without  any  remanent  polanzauon.  This  can  explain  large 
apparent  secondary  non-linear  effects  in  physical  properaes  such  as  electrostncuve  and  electrooptic 

in  the  permittivity  measurement  of  the  pure  PZN.  Figures  12(a)  and  s  1 samplefl91 
vs.  temperature  curves  taken  for  the  annealed  (unpoled)  and  poled  states  ot  *e  PZN  samp  [  ] 

Large  dielectric  relaxation  (frequency  dependence  of  the  permittivity)  was L«ric  dis£ ersion  was 

temperature  ranee  below  the  Curie  point  for  the  unpoled  state,  while ^  the 

measured  onlv  in  a  narrow  temperature  range  between  100  C  and  the  Cune  point  tor  the  p 
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state.  Considering  that  below  KXTC  the  PZN  exhibits  the  micro-  to  macro-domain  growth  under  a 
high  eiectnc  fields  we  can  conclude  that  the  dielectric  relaxation  is  attributed  to  me  micro-domains. 
Thus,  we  ieamed  how  to  control  the  micro-  and  macro-domains  through  temperature  change  and 
an  external  electric  field,  and  how  to  change  the  dielectric  dispersion,  elastic  and  piezoelectric 
constants  according  to  these  phase  transitions. 


(a)  .  Sb). 

Fie  10  Actual  domain  reversal  processes  under  an  applied  electric  Held  tor  the  samples 
ofx  =  0.2(a)and0(b)ofn-x)Pb(Zni/3Nb2/3)O3-  xPbTiO;. 


E«0 


-Em**  ♦ 


-Z  0  *C 


(a) 


Fie  1 1  Schematical  illustration  of  the  domain  reversal  processes  under  an  applied  electric  field  for 
the  samples  of  x  =0.2  (a)  and  0  (b)  of  (l-x)Pb(Zni/3Nb2/3)03-  xPbTiC>3. 
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a  depoied  lOQZ-PZN  single  crystal  measured  on  the  <1 1  !>. 


No  field,  25*C 


b.)  A  poled  100%  PZN  single  crystal  measured  on  the  <1 1 1>. 


Fig- 12 


Permittivity  vs.  temperature  curves  taken  for  the  annealed  (unpoledi  state 
and  poled  state  (b)  of  the  PZN  sampie. 


(a) 


Hierarchical  Domain  Structures 

Figure  13  shows  the  domain  structures  observed  in  a  0.89PZN-0.11PT  crystal,  which  exists 
on  the  morphotropic  phase  boundary.  The  typical  tetragonal  stripe  domain  pattern  was  observed 
without  an  external  electric  field  at  room  temperature,  while  the  spindle-like  rhomb  ohedral  domain 
pattern  appeared  as  overlapped  on  the  stripe  pattern,  when  the  electric  field  was  applied  along  the 
perovskite  pseudo-cubic  [111]  directions.  This  domain  hierarchy  suggests  that  the  morphotropic 
phase  boundary  composition  may  easily  change  the  domain  configuration  and  the  crystal  symmetry 
according  to  the  applied  electric  field  direction,  much  easily  than  in  the  normal  ferroelectric  PZT. 


Rg.13  Domain  structures  observed  in  an  MPB  composition  crystal  0.89PZN-0. 1 1PT. 
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Future  work  will  include  the  dynamic  domain  observation  in  the  0.91PZN-009PT  sample 
(rhomboheS  ph"ie  is  stable  a,  room.temperaturel  poled  along  the  !£ov^t00  ax*  jta. 

enhances  remarkably  the  electromechanical  coupling  lactor  k  up  to  92  •  P 

of  the  different  poling  direction  which  enhances  the  coupling  factor  more  win  DC  explored. 

CONCLUSIONS 

1 .  The  electromechanical  coupling  factor  k33  of  more  than  90  %  can  be  obtained  in  the  solid 
solutions  between  the  relaxor  and  normal  ferroelectrics. 

2.  Promising  compositions  include:  Pb(Zni/3Nb2/3)03-PbTi03,  PbfMg i/3NblG..03-PbTi03 
and  Pb(Sci/2Nbl/2)O3-PbTi03. 

3 .  The  highest  k  in  a  single  crystal  form  can  be  obtained  when  it  is  electrically- poied  along  a 
different  axis  from  the  spontaneous  polarization  direction. 

Domain  cotrolled  single  crystals  (not  in  the  monodomain  state!)  may  be  the  key  for  obtaining 
the  highest  electromechaiucal  coupling.  The  important  factors  to  the  domain  mcovsuucucm  "jJJ 1  *£ 
realized  by  changing  external  electric  field,  stress  and  temperature,  as  well  as  the  sample 

preparation  history. 

This  work  was  supported  by  the  Office  of  Naval  Research  under  Grant  No.  N00014-91-J- 
4145. 
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ABSTRACT 

The  piezoelectric  properties  of  relaxor  based  ferroelectric  single  crystals,  such  as  Pb(Zn1/3Nb2/3)03  -  PbTi03  (PZN-PT)  and 
Pb(Mg1/3Nb^)03  -  PbTi03  (PMN-PT)  were  investigated  for  electromechanical  actuators.  In  contrast  to  polycrystalline 
materials  such  as  Pb(Zr,Ti)03  (PZT’s),  morphotropic  phase  boundary  (MPB)  compositions  were  not  essential  for  high 
piezoelectric  strain.  Piezoelectric  coefficients  (d33’s)  >  2500  pC/N  and  subsequent  strain  levels  up  to  >0.6%  with  minimal 
hysteresis  were  observed.  Crystallographically,  high  strains  are  achieved  for  <00 1>  oriented  rhombohedral  crystals,  though 
<11 1>  is  the  polar  direction.  Ultrahigh  strain  levels  up  to  1.7%,  an  order  of  magnitude  larger  than  those  available  from 
conventional  piezoelectric  and  electrostrictive  ceramics  could  be  achieved,  being  related  to  an  E-field  induced  phase 
transformation.  Strain  vs.  E-field  behavior  under  external  stress  was  also  much  superior  to  that  of  conventional  piezoelectric 
ceramics.  High  electromechanical  coupling  (k33)  >  90%  and  low  dielectric  loss  <1%,  along  with  large  strain  make  these 
crystals  promising  candidates  for  high  performance  solid  state  actuators. 

Keywords  :  Relaxor  ferroelectrics,  single  crystal,  actuator,  piezoelectrics,  hysteresis,  prestress. 


1.  INTRODUCTION 

Electromechanical  actuators  directly  transform  input  electrical  energy  into  mechanical  energy.  Of  the  many  types  of  actuator 
materials  including,  magnetostrictive,  photostrictive,  and  shape  memory  alloys,  piezoelectric  and  electrostrictive  ceramics 
are  widely  used  in  applications  requiring  high  generative  force,  high  frequency  operation,  accurate  displacement,  quick 
response  time,  or  small  device  size.1  Generally,  among  the  material  properties  determining  actuator  performance,  the  electric 
field  (E-field)  induced  strain  is  the  most  important  parameter  for  actuators.  This  is  demonstrated  by  strain  energy  density 
which  is  a  measure  of  the  energy  per  unit  mass  an  actuator  can  deliver, 

emax =  1/p  '  1/4  •  (1/2  •  E(Smax)2)  (1) 

where  emax  is  the  strain  energy  density,  E  is  the  actuator’s  elastic  modulus,  $max  is  the  maximum  field  induced  strain,  and  p  is 
the  actuator’s  density.1  1/4  is  the  appropriate  factor  for  an  actuator  impedance  related  to  its  surroundings.  In  designing  an 
actuator,  the  maximum  strain  energy  density  should  be  as  high  as  possible.  In  electroactive  ceramics,  density  and  elastic 
modulus  vary  little  from  material  to  material,  therefore,  the  level  of  strain  and  maximum  strain  achievable  with  a  reasonable 
electric  field  (<50kV/cm)  dominates  the  energy  density.  The  piezoelectric  coefficient  (dij),  determining  the  level  of  induced 
strain  at  a  given  electric  field,  is  the  most  widely  used  parameter  describing  actuator  performance.  Currently,  Pb(Zr,Ti)03 
(PZT)  polycrystalline  ceramics  are  used  with  piezoelectric  coefficients  (d33)  ranging  from  200  to  750  pC/N,  the  later  limited 
by  hysteresis.  Electrostrictive  ceramics  such  as  Pb(MgI/3Nbw)03  offer  effective  d33’s  >  700pC/N,  but  only  over  a  narrow 
range  of  E-field. 
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Relxcor 


Figure  1  Ternary  diagram  depicting  MPBs  in  PZT  and  Relaxor-PT  systems  for  piezoelectric  ceramics. 

It  is  the  objective  of  this  paper  to  report  ultrahigh  piezoelectric  coefficients  (d3J),  remarkably  high  strain  levels  with  low 
hysteresis,  and  excellent  performance  under  prestress  observed  for  single  crystals  of  Pb(Zn,,3Nbrj)03  -  PbTi03  (PZN-PT)  and 
Pb(Mg1/3Nb2/j)03  -  PbTiOj  (PMN-PT).  Strain  behavior  as  a  function  of  E-field  and  prestress  will  be  discussed  with  respect  to 
crystal  structure,  orientation,  and  anticipated  actuator  performance. 

2.  MORPHOTROPIC  PHASE  BOUNDARY  CERAMICS 

Pb(Zr1.„Tix)03  (PZT)  ceramics  have  been  the  mainstay  for  high  performance  actuator  applications.  Compositionally,  PZT 
ceramics  lie  near  the  morphotropic  phase  boundary'  (MPB)  between  the  tetragonal  and  rhombohedral  phases  as  shown  in 
figure  1.  MPB  compositions  exhibit  anomalously  high  dielectric  and  piezoelectric  properties  as  a  result  of  enhanced 
polarizability  arising  from  the  coupling  between  two  equivalent  energy  states,  i.e.  the  tetragonal  and  rhombohedral  phases, 
allowing  optimum  domain  reorientation  during  the  poling  process.  Alternate  MPB  systems  can  be  found  in  Relaxor-PbTi03 , 
also  as  shown  in  figure  1.  Lead  based  relaxor  materials  are  complex  perovskites  with  the  general  formula  ?b(Bp2)Oy 
(B ,=Mg2\  Zn2\  Ni2*,  Sc3+  B2=Nb5*,  Ta5\  W**  ...).  Characteristic  of  relaxors  is  a  broad  and  frequency  dispersive  dielectric 
maxima2. 
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Figure  2  Piezoelectric  coefficient  d33  as  a  function  of 
transition  temperature  (Tc)  for  piezoelectric 
ceramics,  including  PZT,  modified  PZTs, 
and  Relaxor-PT  systems. 


Figure  3.  Strain  vs.  E-field  behaviors  for  various 
electromechanical  ceramics 
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To  achieve  a  high  piezoelectric  coefficient,  MPB-based  ceramics  are  further  engineered  by  compositionaly  adjusting  the 
Curie  temperature  (Tc)  downward  relative  to  room  temperature.  The  effect  of  transition  temperature  (Tc)  on  the 
piezoelectric  properties  is  clearly  evident  in  figure  2.  As  shown,  the  room  temperature  values  of  d33  are  plotted  as  a  function 
of  Tc  for  a  variety  of  modified  PZT  ceramics,  including  Relaxor-PT  systems.  Enhanced  piezoelectric  activity  of  MPB-based 
ceramics  is  achieved  by  compositionaly  adjusting  Tc  downward  relative  to  room  temperature  resulting  in  ‘soft’  piezoelectric 
ceramics.  This  enhanced  piezoelectric  effect,  therefore,  comes  with  the  expense  of  more  temperature  dependent  properties, 
and  less  polarization  stability,  i.e.  aging  and  loss  of  piezoelectric  activity.  Further  details  on  the  relationship  between 
dielectric/piezoelectric  properties  and  Curie  temperature  (Tc)  of  piezoelectric  ceramics  can  be  found  in  the  article  by  S.-E. 
Park  et  al.3 

Most  importantly,  a  consequence  of  increased  piezoelectric  activity  for  these  “soft”  ceramics  is  large  hysteresis  in  the  strain 
vs.  E-field  behavior  as  a  result  of  domain  motion.  Strain  vs.  E-field  behavior  for  PZT-5H  (Navy  type  -VI)  is  shown  in  figure 
3  as  an  example.  Though  the  piezoelectric  coefficient  (d33)  of  PZT-5H  ceramics  is  in  the  range  of  -600  to  700  pC/N4 
(implying  -0.06  to  0.07%  strain  at  10  kV/cm),  strain  as  high  as  0.1%  can  be  observed  at  lOkV/cm.  This  enhanced  nonlinear 
strain  is  the  result  of  domain  motion,  and  therefore,  accompanied  by  significant  hysteresis,  resulting  in  poor  positioning 
accuracy.  Area  within  the  strain  vs.  E-field  curve  or  dielectric  loss  results  in  significant  heat  generation  during  operation. 
Heat  generation  combined  with  a  decreased  temperature  usage  range,  results  in  poor  temperature  stability  and  limits  these 
ceramics  to  low  frequency  applications. 

Strain  vs.  E-field  hysteresis  can  be  minimized  with  the  use  of  the  “hard”  piezoelectric  ceramics.  Hard  piezoelectric  ceramics 
such  as  PZT-8  (Navy  type  III)  offer  very  low  hysteresis  as  shown  in  figure  3.  However,  the  reduction  in  hysteresis  and  loss 
comes  at  the  expense  of  d33  and  subsequent  strain  level.  Typically  d33  values,  for  ‘hard*  PZTs  range  from  -200  to  300  pC/N.4 
Another  category  of  ceramic  materials  used  in  commercial  actuators  are  electrostrictors.  Electrostrictive  strain  is  proportional 
to  the  square  of  polarization.  A  few  materials  such  as  PMN  and  its  solid  solution  with  PT  exhibit  significant  electrostrictive 
strain  (>  0.1%)  with  virtually  no  hysteresis  as  shown  in  figure  3.  Effective  d33 ’s  >  -800  pC/N  calculated  directly  from  the 
strain  vs.  E-field  curve  can  be  achieved,  but  only  over  a  very  narrow  range  of  E-field.  For  hard  piezoelectric  and 
electrostrictive  ceramics,  strain  level  with  low  hysteresis  does  not  exceed  0.15%.  This  limitation  originates  from  the 
material’s  dielectric  breakdown  strength  and  polarization  saturation. 

In  summary,  piezoelectric  and  electrostrictive  ceramics  offer  strain  levels  up  to  -  0.15%.  Soft  PZT’s,  exhibiting  piezoelectric 
coefficients  (d33)  as  high  as  750  pC/N,  are  inherently  limited  due  to  hysteresis  caused  by  domain  motion.  Hysteresis  can  be 
minimized  with  the  use  of  hard  piezoelectric  ceramics,  but  d33  values  of  only  -200  -  300  pC/N  are  available.  Even  though 
electrostrictive  ceramics  offer  effective  d33  ’s-  800  pC/N,  maximum  strain  level  is  limited  by  its  dielectric  breakdown 
strength  and  polarization  saturation.  To  achieve  E-field  induced  strain  levels  >  0.15%,  electroactive  materials  should  possess 
high  piezoelectric  coefficients  (d33  >1000pC/N)  and  high  dielectric  breakdown  strength. 

3.  SINGLE  CRYSTAL  PIEZOELECTRICS 

Single  crystal  piezoelectrics  such  as  quartz  (Si02),  lithium  niobate  (L£Nb03),  and  the  analogue  lithium  tantaiate  (LiTa03)  are 
widely  employed  in  specific  applications  that  include  oscillators,  surface  acoustic  wave  (SAW)  devices,  and  in  optics.  In 
contrast  to  PZT  ceramics,  however,  these  single  crystals  offer  inferior  piezoelectric  properties,  with  d33  ‘s<  50  pC/N. 

Attempts  to  grow  single  crystals  of  MPB  PZTs  have  been  made  by  numerous  researchers,  resulting  in  crystallites  too  small  to 
allow  adequate  property  measurements.5'9  In  contrast  to  PZT  crystal  growth,  relaxor-PT  materials  can  be  readily  grown  in 
single  crystal  form.  This  key  distinction  was  first  realized  by  Soviet  Researchers10’11,  followed  by  Nomura  and  co-workers 
for  PZN-PT  system12’13  and  by  Shrout  for  the  PMN-PT14.  In  general,  most  Pb(B„B2)03-PT  crystals  can  be  grown  by  high 
temperature  solution  growth  using  Pb-based  fluxes.15,16 

Piezoelectric  coefficients  as  high  as  -  1500  pC/N  have  been  reported13,14  for  MPB  Relaxor-PT  crystals.  However,  it  should  be 
noted  that  piezoelectric  coefficients  are  generally  determined  using  low  field  (<  O.lkV/cm)  techniques  such  as  the  resonance 
method  (IEEE  standard).17  Therefore,  direct  observation  of  the  strain  vs.  E-field  behavior  is  essential  in  order  to  investigate 
hysteresis  and  maximum  levels  of  strain,  key  experiments  to  directly  confirm  actuator  performance.  In  relation  to  actuators, 
several  questions  arise,  1)  How  do  the  high  d33  values  determined  using  low  field  techniques  correlate  to  direct 
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measurements?  As  for  piezoelectric  and  electrostrictivc  ceramics,  will  the  strain  level  saturate  with  increased  E-field?  2)  How 
much  hysteresis  accompanies  the  strain?,  3)  Is  morphotrophy  essential  for  enhanced  piezoelectric  properties?,  4)  Can  E-field 
induced  strain  be  delivered  under  external  stress0  In  the  following  sections,  we  will  attempt  to  answer  many  of  these 
questions,  reporting  piezoelectric  properties  and  direct  observation  of  strain  behavior  as  a  function  of  crystallographic 
orientation  and  electric  field,  and  also  under  prestress  for  Relaxor-PT  single  crystals 

4.  DIELECTRIC  AND  PIEZOELECTRIC  PROPERTIES  OF  RELAXOR  BASED  SINGLE  CRYSTALS 

In  this  section,  the  dielectric  and  piezoelectric  properties  of  Relaxor-PT  systems  as  a  function  of  crystal  composition  and 
orientation  are  summarized.  Commonalties  inherent  to  Relaxor-PT  systems  have  been  discussed  in  reviews  by  Shrout"  and 
Randall15.  Based  on  these  commonalties,  our  research  was  limited  to  two  representative  systems,  PZN-PT  and  PMN-PT. 
Though  PMN-PT  MPB  crystals  exhibit  piezoelectric  properties  comparable  with  PZN-PT,  more  focus  was  given  to  the  PZN 
system  owing  to  its  relatively  lower  PT  content  for  MPB,  allowing  more  uniform  crystal  growth  of  these  solid  solution 
materials.  Experimental  procedures  are  briefly  summarized  including  crystal  growth,  crystal  alignment,  dielectric  and 
piezoelectric  measurements  using  direct  observation  of  strain  as  a  function  of  electric  field  as  well  as  low  field  property 
measurements  using  the  IEEE  resonance  technique.17 

CRYSTAL  GROWTH,  SAMPLE  PREPARATION  AND  PROPERTY  MEASUREMENTS 

High  purity  (>99.9%)  powders  of  Pb304,  ZnO,  MgC03,  NbjOs  and  TiO:  were  used  as  starting  material.  Raw  powders  were 
weighed  with  desired  molar  ratio  with  excess  Pb304  as  a  flux.  The  powders  were  dry-  mixed  for  a  desired  period  of  time  using 
a  tumbling  mill.  The  mixed  powders  were  loaded  into  a  Platinum  crucible,  which  was  placed  in  an  alumina  crucible  sealed 
with  an  alumina  lid  and  alumina  cement  to  minimize  PbO  volatilization.  The  crucible  and  powder  were  placed  in  a  tube 
furnace  and  held  at  soak  temperatures  (1100  to  1200°C),  followed  by-  slow  cooling  (1  to  5°C/hr).  The  crucible  was  then 
furnace-cooled  to  room  temperature.  Hot  HNO}  is  used  to  separate  the  crystals  out  of  the  rest  of  the  melt.  Typically  crystal 
size  ranged  from  3  to  20  mm.  Further  details  on  the  flux  growth  technique  of  these  crystals  can  be  found  in  ref.  1 5,16. 


Figure  4.  As  grown  crystal,  an  aligned  sample  using  the  Laue  camera,  a  cut  and  polished  sample,  an  electroded  sample  for 
direct  strain  observation  as  well  as  for  low  field  planar  mode  resonant  sample,  and  a  low  field  longitudinal  mode  resonant 
sample,  for  PZN-9.5%PT,  (from  left  to  right). 
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Figure  5  d33  as  a  function  of  composition  and  crystallographic  orientation  in  crystals  of  PZN-PT. 

Individual  crystals  were  oriented  along  their  pseudocubic  <11 1>  and  <001>  axis  using  a  Laue  back  reflection  camera.  For 
electrical  characterization,  samples  were  prepared  by  polishing  with  silicon  carbide  and  alumina  polishing  powders  to 
achieve  flat  and  parallel  surfaces  onto  which  gold  electrodes  were  sputtered.  High-field  measurements  included  polarization 
and  strain  hysteresis  using  a  modified  Sawyer-Tower  circuit  and  linear  variable  differential  transducer  (LVDT)  driven  by  a 
lock-in  amplifier  (Stanford  Research  Systems,  Model  SR830).  Plate  shape  samples  with  thickness  ranging  from  0.2  mm  to 
0.5  mm  were  used.  Electric  fields  as  high  as  -140  kV/cm  were  applied  using  an  amplified  unipolar  wave  form  at  0.2  Hz, 
using  a  Trek  609C-6  high  voltage  DC  amplifier.  During  testing  die  samples  were  submerged  in  Fluorinert  (FC-40,  3M,  St 
Paul,  MN),  an  insulating  liquid,  to  prevent  arcing.  For  piezoelectric  coefficient(d33)  determination,  bar  shape  samples  with 
lengths  ranging  from  3  mm  to  5  mm  were  tested.  Samples  were  poled  either  by  field  cooling  (lOkV/cm)  from  temperatures 
above  the  dielectric  maximum  temperature  or  by  applying  40kV/cm  at  room  temperature.  Figure  4  presents,  from  left 
to  right,  a  representative  of  an  as  grown  crystal,  an  aligned  sample  using  the  Laue  camera,  a  cut  and  polished  sample,  an 
electroded  sample  for  direct  strain  observation  as  well  as  for  low  field  planar  mode  resonant  sample,  and  a  low  field 
longitudinal  mode  resonant  sample,  for  PZN-9.5%PT,  respectively. 

LOW  FIELD  MEASUREMENTS 

Piezoelectric  coefficients  as  a  function  of  composition  and  crystal  orientation  for  PZN-PT,  calculated  based  on  IEEE 
standards,  are  presented  in  figure  5.  As  shown,  large  piezoelectric  coefficients  (d33  -  1600  pC/N)  were  found  for  PZN-PT 
with  MPB  compositions  (9.5%  PT),  as  previously  reported  by  Kuwata".  PMN-PT  crystals  with  MPB  compositions  (PMN- 
35%  PT)  also  exhibited  large  piezoelectric  coefficients  (d33  -  1500  pC/N).3  It  should  be  noted,  however,  that  all 
rhombohedral  crystals  oriented  along  their  psuedocubic  <001>  direction  exhibited  large  piezoelectric  coefficients.  As  shown 
in  figure  5,  d33  increased  with  increased  amount  of  PbTi03  for  <00 1>  oriented  rhombohedral  crystal.  Maximum  d33  values  of 
-2500  pC/N  were  determined  with  domain  engineered  rhombohedral  crystals***.  In  contrast  to  PZT’s,  d33  dramatically 
decreases  at  MPB  to  levels  -  500pC/N  for  tetragonal  composition.  Though  <11 1>  is  the  polar  direction  in  rhombohedral 
crystals,  such  cuts  exhibited  low  piezoelectric  coefficient,  believed  to  be  associated  with  domain  instability.  Further  details 


Rhombohedral  crystals  oriented  and  poled  along  pseudocubic  <001>  direction.  Crystallographically,  polar  direction  of  rhombohedral 
crystal  is  pseudocubic  <1  1 1>  direction. 
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on  domain  motion  and  crystal  anisotropy  arc  reported  in  ref  20.  Dielectric  loss  value  <  1%  and  electromechanical  coupling 
constant  values  (k33)  >  90%  were  reported  elsewhere. 3 

5.  STRAIN  VS.  E-FIELD  BEHAVIORS  FOR  RELAXOR  BASED  SINGLE  CRYSTALS 

Though  high  piezoelectric  coefficients  (d33)  were  determined,  high  field  measurements  arc  more  indicative  of  actuator 
performance.  The  following  observations  will  clearly  show  the  potential  of  relaxor  based  ferroelectric  single  crystals,  for 
applications  as  actuators. 

Strain  as  a  function  of  electric  field  for  various  <00 1>  oriented  rhombohedral  crystals  (pure  PZNT,  PZN-4.5%PT,  PZN-8%PT, 
and  PMN-24%PT)  are  presented  in  figure  6.  Also  E-field  induced  strains  of  various  electromechanical  ceramics  such  as  soft 
PZT  (PZT-5H),  hard  PZT  (PZT-8)  and  electrostrictive  ceramics  (PMN-PT)  are  compared.  Piezoelectric  coefficients  (d33) 
directly  calculated  from  the  slope  of  strain  vs.  electric  field  curves  confirmed  the  piezoelectric  coefficients  determined  by  the 
low  field  resonance  method.  Strains  as  high  as  -0.6%  were  observed  with  low  hysteresis  for  these  crystals,  significantly 
larger  than  that  for  polyc  ry  stall  in  e  ceramics.  The  limitation  of  achievable  strain  for  polycrystalline  ceramics  is  the  result  of 
polarization  saturation  and  subsequent  saturation  on  strain  and  breakdown  strength.  However,  as  shown  in  figure  6,  strain  did 
not  saturate  with  increased  E-field  for  <00 1>  oriented  rhombohedral  crystals.  This  remarkable  strain  vs.  E-field  behavior 
with  low  hysteresis  is  believed  to  be  related  to  the  engineered  domain  state. [20]  Although  crystallographically  <11 1>  is  the 
polar  direction,  low  piezoelectric  coefficients  (d33)  <  100  pC/N  were  determined  as  shown  in  figure  5.  This  inferior 
piezoelectric  activity  was  found  to  be  related  to  domain  instability  after  poling.  Details  on  mechanisms  are  presented  in  ref. 
20. 

Saturation  of  E-field  induced  strain  behavior  for  <00 1>  oriented  rhombohedral  crystals  was  investigated  until  dielectric 
breakdown  as  presented  in  figure  7.  Far  from  saturation,  the  strain  abruptly  increased  with  strain  levels  as  high  as  1.0%  being 
achieved  for  all  crystals  tested.  Maximum  strain  levels  were  determined  mainly  by  sample  breakdown  voltage.  The  E-field 
induced  strain  behavior  observed  is  believed  to  be  associated  with  an  E-field  induced  rhombohedral-tetragonal  phase 
transition.  This  phase  transition  behavior  is  more  apparent  in  figure  8  presenting  the  E-field  induced  strain  behavior  of  the 
<001>  oriented  PZN-8%PT  crystal.  At  -120kV/cm,  the  induced  strain  along  with  high  dielectric  breakdown  strength  resulted 
in  a  strain  level  as  high  as  1.7%.  The  piezoelectric  coefficient  (d33)  -  4  8  0  pC/N  calculated  directly  from  the  slope  of  strain  vs. 
E-field  in  the  high  field  region  corresponded  to  the  tetragonal  phase  (between  40  and  120  kV/cm  in  figure  8)  coincides  with 
a  d33  value  (-500  pC/N)  of  tetragonal  PZN-12%PT  crystal.  More  detail  on  this  phase  transformation  can  be  found  in  ref.  20. 
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Figure  6  Strain  vs.  E-field  behaviors  for  crystals  of 
PZN-PT  and  PMN-PT,  and  for  various 
electromechanical  ceramics. 
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Figure  7  Strain  vs.  E-field  behaviors  for  crystals  of 
PZN-PT  and  PMN-PT,  and  for  various 
electromechanical  ceramics  till  breakdown. 


Table  1  Dielectric  and  Piezoelectric  Properties  of  PZN-4.5%PT  Crystals  Oriented  along  <001>. 
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6.  STRAIN  BEHAVIOR  UNDER  APPLIED  STRESS 

Table  1  presents  dielectric  and  piezoelectric  properties  of  PZN-4.5%PT,  measured  by  low  field  resonance  technique.  PZN- 
4.5%PT  was  chosen  because  it  is  at  the  center  of  rhombohedral  composition  range  (0%  to  9%PT)  for  PZN-PT.  As  can  be 
seen  in  table  1,  longitudinal  compliance  (s33E)  is  111  x  10'12  m2/N  (Young’s  modulus  =  9  GPa),  significantly  lower  than 
piezoelectric  ceramics  such  as  PZT-8  (75  GPa).  It  is  important, therefore,  to  examine  the  strain  behavior  of  PZN-4.5%PT 
crystal  under  various  combinations  of  stress  and  electric  field  in  order  to  address  the  potential  of  these  crystals  for  actuator 
applications.  The  experimental  setup  for  applying  stress  was  presented  elsewhere.21 


Figure  8  Strain  vs.  E-field  behaviors  for  <00 1>  oriented  PZN-8%PT  crystal 


P2N-4.5%PT  Single  Crystal 


Uniaxial  Compressive  Stress  (MPa) 


Figure  9  The  stress-strain  curves  of  PZN-4.5%PT 
under  different  biases.  Note  the  generative 
stress  at  20kV/cm  bias  is  35  MPa. 


Figure  10  Strain-Stress  curves  for  PZN-PT  crystals 
and  various  piezoelectric  ceramics. 


7 


Figure  1 1  Strain  vs.  bipolar  field  (±5  kV/cm)  curves  under  bias  (lOkV/cm)  for  PZN-PT  crystal,  electrostrictive  PMN-10%PT 
ceramics,  PZT-5A  (Navy  type  II),  and  PZT-8  (Navy  type  3). 


The  stress-strain  behavior  of  a  PZN-4.5%PT  crystal  (approximately  4. 5x4. 5x4  mm)  under  different  biases  were  shown  in 
Fig.  9.  The  solid  lines  are  loading  curves  and  the  dashed  lines  are  unloading.  It  was  apparent  that  when  there  was  no  bias, 
the  crystal  depoled  at  around  30  MPa,  resulting  in  hysteresis.  As  bias  level  increases,  increased  depoling  stress  and 
decreased  hysteresis  were  observed.  At  20  kV/cm,  the  Young’s  modulus  is  1 1  GPa,  which  is  consistent  with  the  value  in 
table  1.  The  generative  stress,  where  the  generated  strain  is  reduced  to  zero,  is  35  MPa  at  20kV/cm. 

With  such  stress-strain  curves,  comparisons  to  other  actuator  materials  can  be  made  based  on  energy  density  (the  area  under 
the  curve).  Shown  in  Fig.  10  are  the  stress-strain  curves  of  PZN-4.5%PT  crystal  and  various  ceramics.  The  energy  density 
of  PZN-4.5%PT  was  determined  to  be  66400  J/m3  from  the  figure,  approximately  5  times  larger  than  that  can  be  delivered  by 
PZT-8.  Stress-strain  curves  of  various  types  of  piezoelectric  ceramics  are  compared. 

Another  advantage  of  relaxor  single  crystals  is  demonstrated  in  Fig.  1 1  in  the  form  of  E-field  induced  strain  under  constant 
pre-stress.  For  each  measurement,  a  pre-stress  was  first  applied  and  then  a  sine  wave  with  ±5  kV/cm  amplitude  oscillating 
around  the  10  kV/cm  bias  followed.  Note  that  the  10  kV/cm  bias  was  kept  on  all  samples  during  measurements  to  prevent 
depoling.  Although  slightly  hysteretic,  the  induced  strain  in  PZN-4.5%PT  was  several  times  higher  than  conventional 
piezoelectrics  ceramics.  These  results  are  a  strong  assurance  that  relaxor  single  crystals  will  out-perform  other  actuator 
materials  even  under  external  stress. 


7.  CONCLUSION 

Pseudocubic  <001>  oriented  relaxor  based  rhombohedral  crystals  such  as  (1-x)  PZN-x  PT  (x<0.09)  and  (1-x)  PMN-  xPT 
(x<0.35)  exhibited  actuation  levels  not  available  with  current  piezoelectric  ceramics.  Ultrahigh  piezoelectric  coefficients  (dJ3) 
>  -2200  pC/N  and  strain  levels  up  to  0.6%  with  low  hysteresis  were  observed.  Ultrahigh  strain  levels  up  to  1.7%  could  be 
achieved  for  relaxor  based  ferroelectric  single  crystals  as  a  result  of  E-field  induced  rhombohedral-tetragonal  phase 
transition.  Other  relaxor  based  rhombohedral  crystals  are  expected  to  exhibit  similar  strain  vs.  E-field  behavior.  Although 
compliant,  PZN-4.5%PT  crystal  showed  excellent  performance  under  applied  stress.  The  strain  energy  density  can  be 


delivered  at  20kV/cm  is  66400J/m3  ,  5  times  higher  than  hard  PZT.  Though  clearly  promising  candidates  for  high 
performance  actuators,  further  investigations  in  crystal  growth  and  prestress  testing  are  required  for  single  crystal 
piezoelectrics  to  become  the  next  generation  material  of  actuators. 
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ABSTRACT 

In  an  earlier  SPIE  paper,  we  described  the  development  of  a  strain  actuator  consisting  of  a  thin,  co-fired, 
multilayered,  PZT  stack  mounted  within  a  titanium  frame.  The  frame  concept  was  designed  to  facilitate 
integration  of  the  piezoceramic  stack  into  a  composite  material  during  the  fabrication  process.  The  frame  preloads 
the  stack  in  compression,  protects  it  during  material  fabrication  and  most  importantly,  provides  an  efficient  shear 
transfer  path  to  the  surrounding  host  material.  Because  the  piezoceramic  stack  power  requirements  are  quite  high, 
a  special  amplifier  was  also  designed  to  meet  the  high  current  and  voltage  requirements.  In  this  paper  we  focus  on 
assessing  the  performance  of  the  framed  stack  actuator  for  a  variety  of  loading  conditions.  The  calibration 
procedure  uses  a  specially  designed  apparatus  which  loads  the  framed  stack  with  a  variety  of  impedances  ranging 
from  very  compliant  to  very  stiff.  The  mechanical  power  generated  by  the  stack  is  measured  directly  in  terms  of 
the  force  transmitted  to  these  loads  along  with  their  displacement.  Electrical  power  is  measured  directly  in  terms 
of  electrical  current  and  voltage  and  is  also  computed  in  terms  of  the  electrical  admittance  of  the  stack.  Results 
show  that  the  actuator  is  most  efficient  when  a  nearly  matched  impedance  condition  exists  between  the  framed 
stack  and  its  corresponding  load. 


1.  INTRODUCTION 

In  this  paper,  we  examine  the  dynamic  performance  of  the  PZT  strain  actuator  that  was  embedded  in  an  actively 
controlled,  composite  structure  associated  with  the  SPICES  (Synthesis  and  Processing  of  Intelligent,  Cost  Effective 
Structures)  research  program  sponsored  by  ARPA  (Advanced  Research  Projects  Agency).  The  actuator 
performance  requirements  are  similar  to  those  of  conventional  actuators,  e.g.,  it  had  to  be  robust,  efficient  with 
adequate  force  and  stroke,  lightweight,  compatible  with  the  host  material  and  easily  embeddable  during  the 
fabrication  process.  The  actuator  consists  of  a  thin,  co-fired,  multilayered  PZT  stack  mounted  within  a  frame 
which  preloads  the  stack  in  compression  and  protects  it  during  fabrication  of  the  composite  structure.  Most 
importantly,  the  frame  provides  a  highly  efficient  shear  transfer  path  to  the  surrounding  host  material.  For  future 
applications,  it  is  important  to  know  the  dynamic  response  of  the  'framed  actuator'  under  a  variety  of  loading 
conditions,  frequency  ranges  and  input  voltages.  Towards  this  end,  we  designed  and  built  a  special  calibration 
unit  that  provides  a  direct  measure  of  the  electro-mechanical  efficiency  of  the  framed  actuator  as  a  function  of 
input  and  loading  conditions.  To  link  the  experimental  measurements  with  existing  piezoceramic  models,  we 
developed  lumped  parameter  models  of  the  piezoceramic  stack,  its  frame  and  the  impedance  of  the  calibration 
unit.  The  paper  begins  with  a  short  review  of  the  design  of  the  PZT  stack  and  the  frame  that  contains  it. 

2.  DESIGN  OF  FRAMED  ACTUATOR 

The  actuator  design,  sketched  in  Figure  1,  consists  of  a  titanium  frame  (1)  in  which  a  PZT  ceramic  stack  (2)  is 
mounted. 


Figure  1.  Illustration  of  the  framed  double  stack  actuator  (95mm  x  18mm  x  1mm). 

Leads  from  the  stack  (3)  fit  in  machined  recesses  that  egress  the  top  edge  of  the  frame.  The  leads  are  connected  to 
the  center  of  the  ceramic.  From  a  materials  compatibility  consideration,  a  primary  advantage  of  the  frame  design 
is  that  it  circumvents  the  problem  of  bonding  a  ceramic  material  directly  to  host  material  with  different  physical 
properties.  Indeed,  because  the  ceramic  stack  is  spring  mounted,  the  bonding  stresses  between  the  frame  and 
ceramic  are  always  in  a  favorable,  compressive  mode.  The  frame  simply  acts  to  transfer  strain  from  the  stack  to 
the  surrounding  host  material.  To  insure  compatibility  between  the  frame  and  the  host  material,  their  material 
properties  are  chosen  to  be  as  similar  as  possible.  These  include  thermal  expansion  coefficients,  Young’s  moduli, 
and  surface  chemistry. 

The  PZT  stack,  fabricated  by  Morgan  Matroc,  Inc.,  operates  using  d33  coupling  coefficient  (more  than  twice 
that  of  the  d3 1 )  at  a  relatively  low  voltage.  We  chose  one  of  the  hard  PZT  family,  PZT-4S  as  our  piezoceramic 
material  owing  to  its  higher  driving  capability,  lower  loss,  and  lower  displacement  hysteresis  compared  with  the 
softer,  commercially  available  PZT’s.  The  piezoceramic  stack  consists  of  tun  co-fired  93  layer  actuators  (the  active 
PZT  layer  thickness  is  141  pm).  The  low  field  dielectric  properties  of  the  actuator  are:  capacitance  (1  kHz,  room 
temp.)  135  ±  7  nF  and  dielectric  loss  (1  kHz,  room  temp.)  7.5  ±  10'\  The  internal  electrode  is  platinum  so  that  it 
can  be  co-fired  with  PZT^S,  which  requires  a  high  sintering  temperature.  The  external  electrode  is  fired-on  silver 
to  accommodate  the  lead  wires,  which  are  attached  with  solder.  The  individual  stack  is  coated  with  a  polvmer  to 
insure  electrical  insulation.  Selection  of  a  polymer  coating  is  critical,  since  it  has  to  withstand  the  hieh 
temperatures  of  the  fabrication  process  and  be  compliant  enough  to  allow  movement  between  the  stack  the  the 
adjacent  host  material.  Polymer  coatings  currently  being  used  are  high  temperature  silicone  and  polvimide 
encapsulants. 


3.  CALIBRATION  OF  THE  FRAMED  ACTUATOR 
3.1  Lumped  parameter  modeling 

To  fully  characterize  the  dynamic  performance  of  the  framed  piezoceramic  stack  described  above,  a  calibration 
unit  was  developed  to  measure  the  force  and  stroke  of  the  actuator  under  various  loading  conditions.  The  variation 
in  loading  is  achieved  through  the  use  of  interchangeable  shear  mounts  that  are  made  with  different  metallic, 
composite  or  elastomeric  materials  to  yield  a  wide  range  of  load  impedance  conditions.  Under  each  of  these 
impedance  loads,  operating  curves  for  actuator  force  and  displacement  are  established  for  various  drive  voltages 
and  frequencies.  The  load  impedances  are  chosen  to  simulate  the  structural  impedances  of  typical  host  composite 
and  bonding  substrate  materials  used  in  the  fabrication  of  composite  structures.  Since  an  impedance  match 
between  the  piezoceramic  stack  and  the  host  material  maximizes  the  load  transfer  to  the  structure,  simulations 
provide  useful  guidelines  for  composite  designers. 

The  calibrator  design,  shown  in  Figure  2,  consists  of  rigid  end  plates  and  connecting  rods  that  support  the 
frame  for  the  piezoceramic  stack,  transducer  and  shear  mounts. 


Figure  2.  Framed  piezoceramic  stack  calibrator 

These  elements  are  combined  in  terms  of  a  lumped  parameter  model  which  allows  both  a  static  and  dynamic 
analysis  of  the  framed  piezoceramic  stack.  With  this  model,  the  dynamics  of  both  the  framed  stack  and  its  host 
material  are  investigated  from  impedance  matching  considerations. 

The  components  shown  in  Figure  3  include  the  co-fired,  multi-layered  piezoceramic  stack,  stack  frame,  frame 
clamps,  force  transducer  and  shear  mount. 


Figure  3.  Key  components  of  the  framed  piezoceramic  calibrator 

The  lumped  parameter  model  includes  the  mass,  stiffness  and  damping  of  the  shear  mount,  the  mass  of  the 
transducer  and  mounting  clamps  as  well  as  the  mass  and  stiffness  of  the  stack.  This  model  is  idealized  as  the 
mass,  spring  and  damper  diagram  in  Figure  4. 
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Figure  4.  Lumped  parameter  model  of  piezoceramic  stack  and  effective  load 


Note  that  the  frame  clamp,  force  transducer  and  shear  mount  stud  are  assumed  to  have  stiffnesses  that  are  several 
orders  of  magnitude  higher  than  the  shear  flexures  and  are  combined  as  a  single  lumped  mass.  This  reduces  the 
system  to  a  single  degree  of  freedom. 


In  Figure  4,  the  mass,  Ml,  includes  the  mass  of  the  shear  mount  stud,  effective  mass  of  the  shear  mount 
flexures,  force  transducer,  frame  clamp,  and  effective  mass  of  the  frame.  The  two  springs,  Ka,  and  Kj,  represent 
the  stiffness  of  the  stack  and  the  load,  respectively.  The  applied  force,  F,  is  the  actuation  force  delivered  by  the 
piezoceramic  stack. 


3.1.1  Piezoceramic  stack  dynamics 

The  driver  consists  of  a  co-fired,  multilayered  stack  of  piezoceramic  elements  (approximately  180)  of  PZT4S, 
poled  and  driven  in  the  3-3  mode  (z-direction).  The  constitutive  relations  for  piezoceramics  driven  in  the  3-3 
mode  relate  the  electric  displacement,  D3,  and  shear  strain,  S3  to  the  electric  field,  E3,  and  stress,  T3,  through  the 

coefficients  of  permittivity,  £3^ ,  elastic  compliance,  sf3,  and  piezoelectric  coefficient,  d33,  given  in  Equation  1. 


(1) 


D3  =e33E3+d33T3 
S3  =  d33E3  +s33T3 

From  this  pair  of  equations,  the  relationship  between  strain  and  applied  electric  field,  V,  can  be  written  as1-3 
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Q  =  panicle  displacement  from  equilibrium 
dQ'dz  =  strain  in  the  z  direction 

F*  =  Force  applied  in  the  z  direction  for  a  panicular  z  location 
Y33  =  Young’s  modulus  in  the  3-3  direction 

Sz  =  Cross  sectional  area  of  the  piezoceramic  dement  in  the  x-y  plane 
L,  =  Length  of  the  individual  piezoceramic  stack  element 
d33  =  piezoelectric  strain  coefficient 
V  =  applied  electric  field  in  the  3  direction 

The  solution  for  the  displacement  of  the  piezoceramic  stack  is  obtained  by  assuming  one-dimensional  longitudinal 
wave  motion  by 


C,  (z)  =  A  sin(fc)  +  B cos(i b) ,  (3) 

where  the  wave  number  k  =  ©  /c  and  c  =  (Y33/p)l/2,  o  is  the  radial  frequency  and  p  is  the  density.  By 
differentiating  this  equation,  the  strain  in  the  piezoceramic  stack  is  then 


=  kA  cos  (kz)  -  kB  sin(fe) . 
dz 


(4) 


Equating  this  strain  relationship  to  Equation  2  and  applying  appropriate  boundary  conditions  for  a  piezoceramic 
stack  length,  Lz,  the  constants  are  obtained  for  the  free  displacement  and  blocked  forced  output  of  the  actuator. 
This  operation  was  carried  out  by  Koopmann  et  al.3  and  is  given  below  for  the  free  displacement,  and  blocked 
force  output,  F,  of  the  stack  at  low  frequencies  as 
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Having  developed  these  relationships  for  the  piezoceramic  stack  by  itself,  next  consider  the  dynamics  of  the  stack 
when  mounted  in  the  frame  that  transfers  the  strain  to  the  shear  mounts  in  the  calibrator. 

3.1.2  Combined  framed  stack  and  load  dynamics  ^ 

The  quasi-static  response  of  the  individual  components  in  the  calibrator  is  determined  from  the  frame  stiffness, 
Kf,  piezoceramic  stack  stiffness,  KA,  and  flexural  stiffriess  of  the  shear  mount,  Ks  shown  in  Figure  5. 


Figure  5.  Equivalent  parallel  spring  schematic  for  frame,  stack  and  shear  mount 

Although  the  frame  and  shear  mount  stiffness  may  be  treated  separately,  it  is  convenient  for  the  experimental 
measurements  discussed  later  to  combine  these  into  a  single  stiffness,  KL>  which  is  the  apparent  stiffness  that  the 
actuator  stack  ‘sees’  in  generating  a  force. 

The  dynamic  interaction  between  the  frame  actuator  and  the  shear  mount  is  treated  as  a  single-degree-of- 
freedom  mass,  spring  and  damper  system  written  simply  as 

MLz  +  CLz  +  KLz  =  Fsin((ot).  (7) 

The  mechanical  impedance  of  the  system  is  the  transfer  function  between  the  force  and  velocity  and  is  obtained 
from  Equation  7  by  assuming  a  harmonic  response  of  the  system  as, 

£  =  ZL=CL+^(MLm2-KL)  (8) 

where  Ml  is  the  equivalent  mass  defined  earlier  and  Cl  is  the  damping  in  the  shear  mount  flexure.  This  is  the  load 
impedance,  Zl,  seen  by  the  piezoceramic  stack. 


3.0  Electro-mechanical  impedance  model 

With  the  load  impedance  defined,  the  constitutive  relations  for  the  piezoceramic  stack  are  used  to  determine  the 
power  dissipated  by  the  piezoceramic  stack  and  the  shear  mount  flexure  of  the  calibrator.  From  this  model,  the 
efficiency  of  the  piezoceramic  stack  is  determined  by  taking  the  ratio  of  the  mechanical  power  applied  to  the  load 
to  the  electrical  power  applied  to  the  piezoceramic  stack. 


An  electromechanical  model  developed  by  Liang4  gives  an  expression  for  the  energy  dissipation  in  a  plate 
driven  with  a  piezoceramic  actuator.  The  same  model  is  applicable  to  the  framed  piezoceramic  stack  in  assessing 
the  energy  dissipated  by  mechanical  load.  The  electrical  admittance,  Y,  of  the  stack  is  expressed  from  the 
transduction  equations  for  a  reciprocal  transducer4,5  as 
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for  the  input  current,  I,  and  the  number  of  piezoceramic  stack  layers,  n.  This  electrical  admittance  fully  couples 
the  electro-mechanical  response  of  the  piezoceramic  stack  as  a  function  of  frequency,  load  and  stack  impedance. 

The  load  impedance,  ZL,  can  be  obtained  using  the  lumped  parameters  for  the  spring-mass-damper  system  in 
Equation  8.  The  equivalent  piezoceramic  stack  impedance6,  ZA,  is  given  by 


4^2  nkLs 
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Based  on  the  electrical  admittance,  the  electrical  power  dissipated  by  the  stack  can  be  expressed  as7'* 


(10) 


Wd=—  Re(r)  =  Re((7  ). 

Here,  the  voltage  given  is  the  peak  amplitude  of  the  applied  input  voltage. 


(11) 


Finally,  we  can  write  the  efficiency  of  the  framed  stack  in  terms  of  its  dissipated  mechanical  power  delivered  to 
the  shear  mount,  W^,  and  input  electrical  power,  Wd,  as 
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4.0  EXPERIMENTAL  VERIFICATION 

To  verify  the  lumped  parameter  model  used  for  assessing  the  dynamic  behavior  of  the  piezoceramic  stack, 
several  steps  were  taken  to  verify  the  mechanical  properties  of  individual  components  which  include  the 
piezoceramic  stack,  frame  and  shear  mount  load.  By  obtaining  the  response  of  each  separately  and  combining 
them,  the  total  response  of  the  system  is  obtained. 

A  good  design  attempts  to  minimize  the  coupling  between  the  ‘rigid’  parts  of  the  calibration  unit  and  the 
piezoceramic  stack,  but  in  practice  this  is  often  difficult  to  achieve.  For  example,  for  the  blocked  impedance 
measurement  of  the  actuator,  we  normally  assume  that  the  supporting  bars  of  the  calibrator  are  rigid.  However, 
during  a  ‘blocked’  impedance  measurement,  the  displacement  of  the  frame  will  still  have  to  be  accounted  for  even 
though  it  may  be  very  small.  Further,  it  is  necessary  to  account  for  whatever  slip  exists  between  the  frame  clamps 
and  stack  frame  as  well  as  between  the  shear  mount  and  the  calibrator  shear  mount  clamp.  The  measurement 
techniques  to  account  for  these  less  than  ideal  conditions  will  be  discussed  later. 


While  the  discussion  heretofore  has  focused  on  a  single  stack  arrangement,  the  experiments  were  carried  out  on 
a  double  stack  arrangement  shown  in  Figure  1 ,  since  in  the  later  stages  of  the  project,  this  design  evolved  as  an 
improvement  on  both  reliability  and  increased  authority  of  the  framed  stack.  The  experiments  focus  on  the 
response  of  the  double  stack  actuator  which  includes  two  piezoceramic  elements  in  a  single  titanium  frame. 
However,  the  corresponding  lumped  parameter  model  is  identical  to  the  one  developed  in  the  previous  section. 

4.1  Measurement  of  piezoceramic  stack  mechanical  properties 

Since  the  piezoceramic  stack  includes  several  layers  of  platinum  electrodes  and  adhesive  layers,  it  is  no  longer  a 
monolithic  piece  of  PZT  and  therefore  necessary  to  determine  its  Young’s  modulus  when  mounted  in  the  frame. 

An  accurate  measure  of  the  Young’s  modulus  is  obtained  from  a  resonance  frequency  test,  since  mass  is  an  easily 
measured  quantity. 

The  test  was  performed  in  two  steps.  First  the  stiffness  of  the  actuator  frame  by  itself  was  determined  by  adding 
a  known  mass  to  its  end  mass  and  tracking  the  change  in  the  natural  frequency  of  the  lowest  order  mode.  The 
frame  is  excited  along  the  z-axis  in  a  clamped-ffee  boundary  condition  with  a  modal  hammer  and  the  in-plane 
response  is  measured  with  a  non-contact  laser  velocimeter. 

Next,  the  framed  stack  stiffness  was  calculated  using  the  same  technique  as  above,  i.e.  progressively  adding 
mass  to  the  frame  and  tracking  the  change  in  frequency.  However,  in  this  case,  the  piezoceramic  stack  was  used  to 
drive  the  combined  frame  and  stack  arrangement  in  the  clamped-ffee  boundary  condition.  From  this  test,  frame 
and  stack  stiffnesses  were  obtained. 

Combining  the  results  of  the  stiffness  measurement  with  the  dimensions  for  the  stack,  the  short  circuit  Young's 
modulus  is  computed  to  be  5.8x10  Pa  which  compares  to  nominal  values  for  PZT-4S  of  6.5x10  Pa.  The  effect  of 
adhesive  layers  and  electrodes  act  to  reduce  the  stiffness  of  the  PZT. 

4 2  Measurement  of  combined  frame  and  load  mechanical  properties 

The  shear  mount  flexures  used  in  the  calibrator  are  made  from  epoxy  that  fills  the  concentric  region  between 
the  stainless  steel  outer  ring  and  center  stud  shown  in  Figure  10. 


Figure  6.  Shear  mount  used  for  variation  of  load  impedance 

Varying  the  amount  of  epoxy  allows  for  the  variation  of  load  impedance  of  the  framed  piezoceramic  stack.  By 
differing  the  stiffness  of  the  flexures  from  very  compliant  (soft)  to  very  stiff  (rigid),  the  stack  response  is  obtained 
ranging  from  a  zero  to  a  blocked  impedance  condition. 

The  load  impedance  of  the  frame  and  shear  mount  is  determined  by  inserting  the  shear  mount  in  the  calibration 
fixture  with  the  frame,  frame  clamps  and  force  transducer  without  the  piezoceramic  stack.  Using  the  impact 
hammer  and  laser  velocimeter  focused  on  the  shear  mount  stud,  a  direct  measure  of  the  frequency  response  transfer 
function  of  velocity  to  input  force  or  load  impedance,  ZL,  is  obtained.  The  modal  parameters  from  this  test  are  then 
obtained  using  a  least  squares  circle  fit  on  the  real  and  imaginary  components  of  the  inverse  impedance  function. 
Figure  7  gives  the  experimental  and  theoretical  impedance  based  on  a  choice  of  modal  parameters  that  minimizes 
the  least  squares  curve  fit  error. 
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Figure  7.  Typical  experimental  and  theoretical  effective  load  impedance 

To  complete  the  dynamics  of  the  system,  it  is  necessary  to  include  the  mechanical  impedance  of  the 
piezoceramic  stack.  To  begin,  using  the  equivalent  Young’s  modulus  developed  previously,  the  double  stack 
impedance  is  plotted  from  Equation  10  in  Figure  8. 


Figure  8.  Stack,  ZA  and  Load,  ZL  Mechanical  Impedance 

The  load  impedance  for  two  different  shear  mount  flexures  and  double  stack  frame  combinations  are  provided  to 
compare  with  the  stack  impedance.  Note  that  there  is  an  impedance  match  between  the  double  stack  and  the  load 
impedance  E3,  at  frequencies  below  1000  Hz. 

4 3  Measurement  of  electro-mechanical  admittance 

Using  the  combined  load  impedance,  ZL,  and  stack  impedance,  ZA,  the  input  electrical  admittance  can  now  be 
determined  from  Equation  9  using  the  values  for  the  stack  parameters  given  in  Table  1 .  The  electrical  admittance 
is  obtained  by  measuring  the  transfer  function  between  the  input  voltage  and  current.  To  measure  the  current,  the 


voltage  drop  across  a  2.360  resistor  placed  in  series  with  the  stack  gives  a  direct  measure  of  current.  The 
theoretical  and  experimental  electrical  admittance  is  shown  in  Figures  9  and  10  for  the  double  stack,  in  the  fixed- 
free  condition  (zero  impedance)  as  well  as  a  typical  case  when  the  stack  drives  one  of  the  shear  mounts. 


Stack  Parameter 

Value 

Comments 

stack  layers,  n 

186 

twice  this  number  of  stack  lavers  for  double  stack  arrangement 

cross  sectional  area,  Sz  (m2) 

6.66x1  O'6 

active  area  of  stack  using  electrode  dimensions  from  SEM 
micrographs 

layer  width  (z-dir),  Ls  (urn) 

141 

permittivity,  s33  (F/m) 

irmriM 

piezoelectric  coefficient,  d* 
(m/V) 

177xlO'10 

experimentally  measured  from  untreated  stack,  below  nominal 
values  for  PZT4-S  a  result  of  noor  polling 

Effective  Young’s 

Modulus,  Yffi  (Pa) 

5.8xl010 

measured  from  in-frame  stiffness  tests  at  constant  electric  field 

Table  1.  Summary  of  piezoceramic  stack  parameters 


Figure  9.  Electrical  admittance  of  the  framed  piezoceramic  stack  for  a  clamped-free  boundary  condition 


Figure  1 0.  Electrical  admittance  for  the  framed  piezoceramic  stack  for  a  typical  load  impedance 


To  compare  the  power  consumption  of  the  piezoceramic  stack,  the  real  pan  of  the  electrical  admittance  is 
computed  using  Equation  1 1  and  measured  via  the  real  pan  of  the  cross  power  spectrum  of  the  input  current  and 
voltage. 

The  mechanical  power  is  also  measured  in  the  same  manner  to  determine  the  work  done  on  the  equivalent  load. 
By  taking  the  real  pan  of  the  cross  power  spectrum  of  force  transmitted  to  the  load  (in  this  case  the  force 
transducer)  with  the  corresponding  velocity  of  the  structural  load  (as  measured  at  the  shear  mount  stud),  the  output 
mechanical  power  is  determined.  The  mechanical  power  and  electrical  power  is  determined  for  loading  conditions 
ranging  from  a  zero  to  a  fully  blocked  impedance  condition.  The  experimental  setup  for  these  measurement  is  also 
shown  in  Figure  11. 


Mechanical  Power 


Electrical  Power 


Figure  1 1 .  Experimental  setup  for  electrical  admittance  and  efficiency  measurements 


By  taking  the  ratio  of  input  electrical  power  to  the  output  mechanical  power  the  actuator  efficiency  is  obtained. 
The  values  of  efficiency  for  these  different  load  conditions  at  a  typical  drive  voltage  of  10  Vm  are  given  in  Table  2. 


Efficiency  (%) 

Zero 

0 

El 

17 

E2 

9.2 

E3 

25.1 

‘Blocked’ 

4.5 

Table  2.  Summary  of  stack  efficiency  into  various  impedance  loads. 

For  the  quasi-static  data  shown  in  Figure  12,  to  account  for  the  slip  between  the  actuator  frame  and  frame 
clamps  and  for  the  lack  of  a  fully  rigid  calibration  fixture,  the  true  velocity  of  the  load  can  be  measured  through  the 
spring  arm  deflection  of  the  frame.  For  this  approach,  it  is  first  necessary  to  obtain  the  ratio  of  framed  actuator  end 
displacement  ( z-direction)  to  spring  arm  displacement  (y-direction)  in  a  fixed-free  condition.  This  ratio  relates 
frame  arm  velocity  to  shear  mount  stud  velocity  (see  Figure  1 1). 

To  further  demonstrate  the  work  done  on  the  load  as  a  function  of  impedance  matching,  we  begin  by  plotting 
the  output  force  versus  displacement  for  various  load  impedances.  The  corresponding  load  lines  are  given  in 
Figure  12  for  the  stack  driven  at  two  different  drive  voltages  under  quasi-static  conditions  (16  Hz). 


Figure  12.  Force  and  stroke  of  the  double  stack  actuator  under  various  impedance  conditions. 

Note  that  for  the  matched  impedance  condition,  the  work  done  (shaded  area  under  the  curve)  on  the  load  is 
maximum.  This  is  near  the  E3  load  case  where  the  efficiency  was  highest  as  shown  in  Table  2.  Also,  note  that  the 
efficiency  is  maximum  at  both  input  voltages  for  the  same  load  impedance. 

5.  Conclusions 

A  method  has  been  developed  for  the  characterizing  the  performance  of  a  framed,  piezoceramic  stack  actuator 
using  a  specially  designed  calibration  device.  The  load  provided  by  the  calibrator  is  made  from  a  series  of 
interchangeable  shear  mounts  ranging  from  very  compliant  to  very  stiff.  Measurement  parameters  include 
transmitted  force  and  displacement,  input  signal  current,  voltage  and  frequency.  A  lumped  parameter  model  was 
developed  for  the  combined  framed  stack  and  calibrator  load  impedance.  Combining  these  impedances  with  the 
transduction  equations  for  the  piezoceramic  stack,  its  electrical  admittance  was  computed  as  a  function  of  stack  and 
load  impedance  to  provide  an  expression  for  the  electrical  power  dissipated.  This  electro-mechanical  model  was 
then  validated  by  measuring  the  electrical  admittance  and  corresponding  dissipated  electrical  power  of  the  stack. 


To  compute  stack  efficiency,  the  mechanical  power  was  measured  via  the  force  and  displacement  of  the  framed 
stack  under  various  load  impedances.  The  ratio  of  the  output  mechanical  power  to  the  input  electrical  power  gave 
the  stack  efficiency  as  function  of  load  impedance.  It  was  shown  that  the  framed  stack  efficiency  is  maximum 
when  the  stack  and  load  impedances  are  closely  matched.  This  same  result  was  evident  in  the  force/displacement 
relations  measured  under  quasi-static  conditions. 
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Development  of  a  Surface 
Intensity  Probe  for  Active 
Control  Applications 

The  type  of  sensor  used  in  an  active  noise  control  system  greatly  influences  the  means  of 
control  and  efficacy  ;  of  the  system.  Wiile  typical  error  sensors  used  in  active  control . 
such  as  accelerometers  and  microphones ,  obtain  vibration  and  sound  le\'els,  a  sensor 
capable  of  directly  measuring  the  radiated  sound  power  of  a  structure  would  be  more 
advantageous  for  certain  applications. 

An  intensity  probe  which  is  mounted  to  the  surface  of  a  structure  has  recently  been 
developed .  The  probe  measures  both  surface  acceleration  and  acoustic  pressure  in  a 
single  compact  device  and  thus  provides  a  measure  of  the  intensity *  at  the  mounting 
position  of  the  structure .  An  array  of  these  intensity  probes  then  leads  to  a  measure  of 
the  structure  s  radiated  sound  power.  Therefore,  to  minimize  the  sound  power 
transmitted  through  a  panel .  an  array *  of  these  intensity  probes  could  be  used  as  error 
sensors  in  the  active  control  system. 

This  paper  discusses  the  design .  calibration,  and  performance  of  this  new  sensor. 

Results  from  several  calibration  schemes  verify  the  phase  frequency  dependency  between 
the  accelerometer  and  microphone.  The  accuracy  of  the  surface  intensity  probe  is 
evaluated  by  a  comparison  to  a  two-microphone  intensity  measurement. 


Introduction 

The  control  of  noise  at  low  frequencies  often  proves  to  be 
problematic  when  conventional  passive  methods  are  used.  Active 
noise  control  (ANC)  however,  offers  an  attractive  alternative 
since  it  is  ideally  suited  for  applications  in  this  frequency  range. 

In  designing  an  ANC  system,  developing  a  control  strategy 
determines  and  limits  the  efficacy  of  the  system.  Considerations 
for  which  physical  quantities  to  measure  and  to  minimize 
significantly  affect  the  response  of  the  ANC  system.  For  vibrating 
structures,  some  possibilities  include  minimizing  sound  power 
radiation,  acoustic  panicle  velocity,  or  pressure  as  discussed  by 
Tichy’s  active  control  review  [1].  The  error  sensors  typically 
consist  of  surface  mounted  accelerometers  or  field  microphones 
in  an  attempt  to  measure  acoustic  intensity,  pressure,  or  velocity. 
For  applications  such  as  minimizing  transmitted  sound  power 
through  vibrating  structures,  a  surface  intensity  probe  would  be  a 
useful  error  sensor.  Its  direct  means  of  measuring  acoustic 
intensity  by  the  surface  acceleration  and  the  acoustic  pressure  at 
the  mounting  location  proposes  a  useful  new  error  sensor  for 
active  control. 

The  sensor  combines  local  information  about  a  structure’s 
vibration  and  acoustical  response,  as  opposed  to  obtaining  purely 
acoustical  or  purely  vibration  information.  An  array  of  these 
sensors  surface  mounted  to  the  vibrating  structure  could 
determine  the  sound  power  by  spatially  averaging  the  individual 
acoustic  intensities.  In  addition,  this  sensor  could  be  used  for 
source  identification  or  a  transient  analysis  ot  acoustic  intensity, 
but  only  its  potential  use  for  active  noise  control  is  addressed 


herein.  The  main  objectives  were  to  design,  calibrate,  and 
evaluate  its  performance. 

There  are  many  issues  such  as  surface  loading  and  optimum 
sensor  placement  that  appiv  to  the  surface  intensity  probe.  The 
advantages  and  disadvantages  to  using  similar  mergy  -based 
sensors  to  other  sensors  is  addressed  by  Sommerfeldt  and  Nashif 
[2],  Generally,  critical  sources  of  error  in  the  physical  acoustic 
intensity  measurement  result  from  phase  inaccuracies  in 
measuring  the  acoustic  pressure  and  particle  velocity.  A  study  by 
Elliot  et  al  [3]  concluded  that  experimental  estimates  of 
transmitted  power  were  extremely  sensitive  to  transducer  phase 
errors,  causing  significant  degradation  in  control  performance. 
Therefore,  sound  power  measurement  sensors  are  very  sensitive 
and  limited  in  accuracy  by  their  ability  to  measure  the  phase 
between  the  surface  velocity  and  acoustic  pressure. 

Development  of  Surface  Intensity  Probe 
Considerations  in  the  design  of  the  surface  intensity  probe 
include  <  1 )  inexpensive  components  that  effectively  measure  their 
physical  quantity  without  significant  phase  shifts,  (2)  small  in  size 
for  less  interference  with  the  structure  or  neighboring 
components,  and  (3)  lightweight  to  limit  surface  loading  due  to 
the  mass  of  the  probe. 

The  current  probe  design  consists  of  an  accelerometer  and  an 
electrct  condenser  microphone,  both  within  a  common  titanium 
housing.  The  cylindrical  housing  is  1.46  cm  high  and  1.10  cm  in 
diameter.  The  microphone  is  located  beneath  the  protective 
titanium  grid  of  the  surface  intensity  probe  front  face.  The  probe 
weighs  only  5  grams  limiting  surface  loading.  This  probe 


1 


represents  the  third  prototype  of  surface  intensity  probes,  each 
reducing  in  size  nnd  weight. 

The  two  components  within  the  surface  intensity  probe  are  a 
highly  sensitive  piezoelectric  ceramic  PCB  352B22  accelerometer 
and  an  inexpensive  Panasonic  WM-62A  electret  condenser 
microphone.  The  microphone  requires  a  DC  bias  of  2- 1 0  V  and 
the  accelerometer  requires  signal  conditioning  provided  by  an 
ICP^  voltace  amplifier.  The  probe  is  surface  mounted  by 
standard  adhesives  used  for  accelerometers,  such  as  beeswax  or 
Super  Glue.  Two  5*44  coaxial  plug  connectors  separately 
transmit  the  microphone  and  accelerometer  voltage  signals  from 
the  probe  to  the  amplifiers  and  conditioners. 

To  calculate  the  sound  intensity  from  acoustic  pressure  and 
surface  acceleration,  simple  manipulation  of  the  definition  for 
acoustic  intensitv  is  sufficient.  In  the  frequency  domain,  as 
described  bv  Janzen  [4],  the  sound  intensity  I  is  defined  in 
Equation  l  by  one-half  the  real  part  of  the  product  of  acoustic 
pressure  conjugate  P*  and  surface  velocity  V. 

1  =  4  Re[P’v]  0) 

Velocity  is  obtained  by  integrating  surface  acceleration.  A 


where  co  is  the  radian  frequency. 

After  substituting  and  simplifying,  the  form  of  Equation  2 
relates  the  acoustic  pressure,  surface  acceleration,  and  sound 
intensity. 


/  = 


Im\ 


P*A 

0) 


=  —  Im[P*A]  (2) 

2  co 

Recognizing  that  the  imaginary  pan  of  the  cross-spectrum  Qi2 
of  two  signals  is  common  to  many  frequency  analyzers,  Equation 
2  simplifies  to 


To  compute  the  sound  power  W,  the  sound  intensity  measured 
from  an  array  of  surface  intensity  probes  is  spatially  averaged 
over  N  equal  surface  areas  S,  as 

w  *  £  /  •  s .  (4) 

i*  / 

This  novel  desien  and  concept  of  a  surface  intensity  probe  has 
been  analyzed  and  experimentally  verified  by  Janzen  [4]  for  the 
first  prototype  of  surface  intensity  probes.  The  third  prototype 

discussed  in  this  paper  is  y  the  weight  and  consists  of  different 
components.  New  experimental  verification  was  needed  for  this 
latest  prototype.  The  first  concern  and  possibly  most  significant 
source  of  error  is  the  calibration  of  the  sensor.  The  greatest 
concern  in  the  calibration  was  determining  the  frequency 


dependent  phase  shifts  of  the  accelerometer  and  microphone  in 
the  probe. 


Calibration  of  Probe 

There  are  standard  procedures  for  calibrating  microphones  and 
accelerometers,  of  which  the  accelerometer  calibration  is  the 
simpler  method.  The  magnitude  and  phase  of  the  accelerometer’s 
sensiriviry  are  experimentally  determined  by  a  back-to-back 
comparison  calibration  with  a  PCB  jOIAOj  reference 
accelerometer.  The  reference  accelerometer  provides  a 
standardized  10  mV'g  (z0.05°  olcomparison  [5].  The 
experimental  setup  for  the  accelerometer's  calibration 
accelerometer  is  shown  in  Figure  1 .  where  Super  Glue  attaches 
the  probe  and  the  reference  accelerometer.  A  chirp  excitation 
signal  to  the  shaker  accelerates  both  the  probe  and  reference 
accelerometer.  Figure  2  shows  the  probe  accelerometer 
calibration  magnitude  and  phase  tor  three  different  probes.  A  t 
0.5  to  1  degree  phase  shift  for  the  probes  over  a  2  kHz  frequency 
ranee  is  small  and  insignificant  when  considering  the  potential 
error  in  intensity'  measurements.  The  variance  in  magnitude 
between  different  probes  is  resoived  by  separate  sensitivities  for 
the  individual  probes. 
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Fig.  1  Experimental  setup  for  the  probe  accelerometer 
calibrations 
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Fig.  2  Magnitude  and  phase  for  three  different  probe 
accelerometer  calibrations 

Calibration  of  the  probe's  microphone  is  not  as  straight  forward. 
Several  common  techniques  lack  either  the  accessibility  of  easy 
laboratory  experimentation  or  do  not  measure  the  frequency 
dependency  of  the  microphone's  phase  shift.  To  gain  confidence 
in  the  calibration  of  the  microphone,  the  common  experiments 
were  performed,  but  a  more  applicable  calibration  technique  was 
sought. 

The  first  experiment  used  aB&K  Type  4220  pistonphone, 
which  produces  a  precision  124  dB  SPL  (sound  pressure  level)  at 
250  Hz  [61.  The  transfer  function  between  the  microphones’s 
output  voltage  in  response  to  the  124  dB  SPL  is  thecalibrated 
sensitivity  of  the  microphone.  The  sensitivities  for  three  probes 
calibrated  by  the  pistonphone  are  shown  in  Table  1.  A  custom- 
made  adapter  was  used  as  a  coupler  between  the  probe’s 
microphone  and  the  pistonphone 's  cavity  orifice.  This  calibration 
method  is  valuable  for  determining  the  general  magnitude  of  the 
microphone  sensitivity,  but  gives  no  indication  of  the  frequency 
dependency  of  these  results. 

Table  1  Probe  microphone  sensitivities  from  pistonphone 
calibration  at  250  Hz,  124  dB  SPL 


Probe  1 

Probe  2 

Probe  3 

Sensitivity.  mWPa  1 

13.4 

12.2 

13.3 

The  second  experiment  attempted  to  calibrate  the  probe’s 
microphone  over  a  frequency  range.  Referring  to  Figure  3,  the 
probe  microphone  and  half-inch  B&K  Type  4133  condenser 
microphone  with  sensitivity  1  mV/ubar  [7],  are  bonded  to  a 
square  four  inch  piston  loudspeaker.  A  laser  vibrometer  measures 
the  surface  velocity  of  the  piston,  which  is  divided  by  radian 
frequency  co.  The  speaker  is  excited  by  random  noise  from  50  Hz 
to  850  Hz.  The  B&K  microphone  has  a  steady  response  within 
±2  dB  over  a  20  Hz  to  40  kHz  frequency  range  [7]  and  is 
considered  the  reference  microphone.  Shown  in  Figure  4,  the 
probe  microphone  sensitivity  is  the  transfer  function  between  the 
probe  microphone  and  the  calibrated  B&K  microphone.  Each 
microphone  was  compared  to  the  measured  displacement  of  the 
piston.  The  microphones  measure  a  response  that  closely  match 
the  predicted  response  from  a  baffled  piston  radiator. 
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Fig.  3  Experimental  setup  for  microphone  loudspeaker 
calibration 
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Fig.  4  Magnitude  and  phase  for  microphone  sensitivities  in 
loudspeaker  calibration 

New  Calibration  Scheme 

As  verified  by  previous  calibration  experiments,  the  phase  shift 
over  a  2  kHz  frequency  range  is  insignificant  for  the 
accelerometer  and  small  for  the  microphone,  but  the  phase  shift 
could  affect  highly  reactive  intensity  measurements.  Thus,  for 
more  accurate  intensity  measurements,  identifying  the  phase  shift 
inherent  in  the  microphone  is  needed.  A  frequency  dependent 
calibration  curve  would  compensate  for  this  phase  shift.  A  new 
calibration  scheme  was  proposed  to  verify  the  microphone 
calibration  for  practical  applications,  such  as  field  testing  or  when 
an  anechoic  room  is  not  accessible. 
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The  calibrator  consists  of  a  cylindrical  titanium  housing 
enclosing  an  air  cavity  3.81  cm  ( 1 .5  inch)  tall  and  0.76  cm  in 
diameter.  The  air  cavity  is  sealed  by  the  probe  as  shown  in  the 
exploded  cross  section  view  in  Figure  4.  A  thin  rubber  o-ring 
compresses  so  that  the  probe  has  a  metal-to-metal  contact  with 
the  air  cavity.  The  calibrator’s  threaded  lid  screws  on  the 
calibrator  body,  tightly  securing  the  probe  within  the  calibrator. 
There  are  two  slots  on  the  calibrator  for  the  5-44  connector  plugs 
on  the  probe. 
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Fig.  5  Exploded  cross  section  view  of  a  probe  in  the 
calibrator 


When  calibrating,  the  calibrator  is  attached  to  a  shaker  and 
excited  over  a  0  to  2  kHz  frequency  band.  The  air  cavity  is  not 
compressed  as  in  the  pistonphone  calibrations,  but  rather  it  is 
accelerated  as  a  mass  of  air.  The  probe's  microphone  faces  the 
air  cavity  and  measures  the  resulting  force  from  the  accelerated 
mass,  which  follows  Newton’s  second  law.  This  simple 
prediction  is  that  the  acceleration,  measured  by  the  probe’s 
accelerometer,  is  in  phase  with  the  pressure  (force)  measured  by 
the  probe's  microphone.  A  derivation  that  relates  the  pressure 
measured  by  the  microphone  and  the  acceleration  measured  by 
the  accelerometer  follows. 

Newton's  second  law  states 

F  =  ma  , 

where  F  is  the  force  on  the  microphone’s  diaphragm  and  a  is  the 
acceleration  of  the  mass  of  air.  Substituting  the  product  of  p  as 
the  air  density  and  the  volume  of  the  air  cavity  as  the  product  of 
the  length  L  and  calibrator’s  air  column  surface  area 

F  =  pLSca,a.  (6) 

The  pressure  P  that  correlates  with  the  force  on  the  diaphragm  is 


where  is  the  surface  area  of  the  microphone’s  diaphragm. 
Substituting  Equation  6  produces  the  following  relationship 
between  pressure  and  acceleration, 

o  r  ^ cut 

F  =  pL - a  .  (7) 

s 

m  c 

Recalling  that  the  accelerometer  has  a  flat  response.  Equation  7 
clearly  displays  that  a  transfer  function  of  the  pressure  over 


acceleration  from  the  probe  is  constant  and  will  measure  any 
inherent  frequency  dependent  phase  shift  in  the  microphone. 

The  advantages  of  this  calibration  scheme  arc  numerous. 

•  The  calibration  could  be  performed  in  a  noisv  environment. 

•  Only  a  shaker  and  the  new  calibrator  arc  needed  in  addition 
to  the  ordinary'  instrumentation  for  sound  intensirv  measurements. 

•  In  a  field  testing  situation,  a  simple  impulse  to  the  calibrator 
could  calibrate  the  microphone. 

•  It  is  a  simple,  inexpensive  procedure. 

Unfortunately,  the  initial  results  from  this  calibrator  were  not  as 
expected.  Additional  phenomena  arc  occurring  within  the 
calibrator  complicating  the  results.  The  pressure  to  acceleration 
transfer  function  magnitude  and  phase  from  the  probe  are  shown 
in  Figure  6.  These  curves  are  measured  by  three  different  probes 
with  precision.  The  first  acoustic  resonance  of  the  cavity  is 
measured  at  4.5  kHz,  and  is  not  the  cause  of  the  frequency  shift. 
Currently,  we  are  using  lumped  parameter  modeling  to  arrempt  to 
predict  the  measured  response.  Since  there  is  great  merit  to  this 
calibration  scheme,  further  modeling  considerations  arc  beinc 
investigated.  Although  the  results  were  not  as  expecred  for  this 
calibration  scheme,  the  previous  experiments  confirmed  a  nearly 
constant  phase  response  over  a  limired  frequenev  range  for  the 
microphone. 
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Fg.  6  Calibrator  results  from  the  probe  pressure  to 
acceleration  transfer  function  in  magnitude  and  phase 

Performance  Evaluation 

To  evaluate  the  performance  of  the  surface  intensity  probe,  an 
experiment  was  designed  to  simply  compare  the  sound  power 
summed  from  an  array  of  surface  intensity  probes  to  the  measured 
sound  power  from  a  two-microphone  intensity'  probe.  A  square 
0.29  m  by  0.29  m  by  I  mm  aluminum  plate  with  highly 
symmetrical  mode  shapes  is  excited  in  its  M  structural  mode. 
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Nine  probe  measurement  points,  in  a  symmetrical  pattern  with 
center  point  loading,  measure  the  sound  intensity  and  therefore 
approximate  the  sound  power  radiated  from  the  plate. 

These  experiments  were  conducted  in  a  semi-anechoic  room. 
The  plate  is  bonded  in  a  stiff  frame  simulating  clamped  boundary 
conditions.  A  lightweight  loudspeaker  is  attached  by  an 
aluminum  push  rod  to  the  center  of  the  plate  for  center  point 
excitation.  A  schematic  of  the  plate  and  its  surface  loading  is 
shown  in  Figure  7.  Making  use  of  symmetry,  three  probes 
measure  the  necessary  intensities  for  a  nine  element  discretization 
of  the  plate  surface.  Dummy  masses  with  the  same  shape  and 
weight  of  the  surface  intensity  probes  load  the  plate  on  the  six 
other  elements.  The  plate  was  excited  with  a  sine  wave  excitation 
at  Five  discrete  frequencies,  122.5,  123,  124,  125,  and  126  Hz, 
near  or  at  the  1-1  structural  mode  at  1 22.5  Hz.  At  a  discrete 
frequency,  the  intensity  from  three  surface  intensity  probes  were 
measured  sequentially,  and  then  the  two-microphone  intensity 
experiment  was  performed.  This  procedure  is  repeated  for  five 
frequencies. 
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Fig.  7  Schematic  of  plate  and  surface  loading  of  plate 

The  intensity  is  measured  by  using  Equation  3  programmed  in 
the  HP  35660A  Signal  Analyzer  shown  in  Figure  7.  A  nine 
element  approximation  of  the  sound  power  is  calculated  using 


Equation  4  for  S  =  0.0 1 0 1 6  m:,  N  =  9,  and  using  symmetry  to 
estimate  the  intensities  from  the  six  other  elements.  These  results 
are  in  Table  2. 
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Fig.  8  Experimental  setup  for  plate  sound  power 
comparison  at  discrete  frequencies.  Setup  includes  both 
surface  intensity  probe  and  two-microphone  experiments. 


The  two-microphone  experiment  is  a  standard  procedure  for 
measuring  the  intensity  or  sound  power.  This  experiment 
consisted  of  setting  up  a  cubical  0.86  m  frame  around  the  plate 
resting  on  the  floor,  and  then  measuring  the  intensity  through 
each  of  the  5  faces  of  the  frame  enclosing  the  plate.  The  sound 
power  is  estimated  using  Equation  4,  where  S  =  0.7396  m2,  N  = 

5.  and  I  is  measured  by  the  two-  microphone  intensity  probe. 

This  technique  uses  two  B&K  condenser,  phase-matched 
microphones  separated  5  cm.  to  measure  an  average  pressure 
between  the  microphones  and  esrimate  the  velocity  by  a  pressure 
gradient.  As  described  by  Waser  and  Crocker  [8],  the  intensity  is 
calculated  by  use  of  Equation  5. 


I(  a) 


Qn 

copttf  ' 


(5) 


where  p  is  the  density  of  air,  Ar  is  the  separation  between  the 
microphones.  Q!2  is  the  imaginary  part  of  the  cross  spectrum 
between  the  two  microphones,  and  <o  is  the  angular  frequency 
where  0;;  is  measured.  The  HP  3569  A  Frequency  Analyzer  is 
specifically  designed  for  this  technique,  thu>*  Equation  5  is 
preprogrammed  in  the  analyzer  and  the  sound  power  is  calculated 
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by  programming  the  surface  areas  in  the  analyzer  The  rvvo- 
microphone  sound  power  results  are  in  Table  2. 


Table  2  Sound  power  comparison  between  an  array  of 
surface  intensity  probes  and  the  two-microphone  technique 
at  discrete  frequencies. 


122.5 

Hz 

123  Hz 

124  Hz 

125  Hz 

126  Hz 

Surface  intensity 
Drobes.  dB 

94.2 

95.1 

95.3 

96  7 

96  8 

Two-microphone. 

dB 

93.5 

93.4 

94  0 

95.5 

963 

Difference.  dB 

0.7 

1.7 

1.3 

1.2 

0.5 

Evaluating  the  sound  power  calculations  from  this  experimental 
data  indicates  that  the  nine  element  discretization  of  the  plate  and 
performance  of  the  surface  intensity  probes  closely  match  the 
two-microphone  technique.  A  1  to  2  dB  discrepancy  is  within  the 
possible  error  of  the  two-microphone  technique.  Therefore,  these 
results  confirm  the  surface  intensity  probe  can  and  does  perform 
accurately  under  these  specified  conditions. 

Acknowledgments 

This  material  is  based  upon  work  supported  under  a  National 
Science  Foundation  Graduate  Fellowship.  The  research  is 
supported  by  an  NSF  and  SBIR  contract  to  PCB.  Piezotronics, 
Inc.,  Depew.  New  York.  14043. 

Conclusions 

The  surface  intensity  probe  is  a  unique  design  and  potentially 
very  useful  as  an  ANC  error  sensor.  An  array  of  these  probes  can 
determine  sound  power  by  spatially  averaging  the  intensity 
measured  by  each  probe. 

There  are  three  remaining  issues  to  be  addressed  in  the  design, 
calibration,  and  validation  of  the  surface  intensity  probe.  First, 
the  frequenev  dependent  phase  shift  response  from  the  probe 
microphone  "has  been  accurately  measured,  but  the  noted  phase 
shift  effects  on  sound  power  have  not  been  determined.  This 
curve  differs  slightly  between  different  probes,  so  the  error  that 
could  result  from  that  variance  must  be  addressed.  Therefore,  a 
phase  assessment  needs  to  be  completed,  confirming  the  sound 
power  error  that  results  from  a  phase  error  in  calibrating  the 
microphone.  The  investigation  may  conclude  that  nanow  band 
frequency  experiments  need  a  microphone  sensitivity  and  phase 
that  apply  for  the  frequency  band  of  interest  without  significant 
error  in  sound  power. 

Second,  the  procedure  for  measuring  the  frequency  dependent 
sensitivity  of  the  microphone  must  be  practical,  suggesting  that 
the  new  calibrator  is  a  strong  candidate.  The  unexpected  and 
repeatable  microphone  sensitivity  measured  in  the  calibrator 
suggests  it  can  be  useful  if  there  is  a  theoretical  prediction  of  the 
results.  Then  the  procedure  would  require  matching  the 
measured  response  to  a  predicted  response,  which  aligns  with  a 
calibrated  microphone.  Further  investigation  is  needed  to  model 
and  predict  the  measured  response  when  using  the  calibrator. 
Third,  the  probe  will  be  validated  when  more  experiments  test 
the  full  range  of  the  surface  probe's  performance  in  order  to 
determine  the  limits  of  its  performance.  This  would  include  wide 


band  frequency  tests,  highly  reactive  sound  intensity 
measurements,  and  small  vibration  levels.  Its  performance  will 
be  evaluated  by  comparing  the  two-microphonc  intensity  probe 
and  by  comparing  theoretical  predictions  to  the  sound  power 
measured  by  the  surface  intensity'  probe. 
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ABSTRACT 

A  linear  inchworm  motor  was  developed  for  structural  shape  control  applications.  One  motivation  for  this  development  was 
the  desire  for  higher  speed  alternatives  to  shape  memory  alloy  based  devices.  Features  of  the  subject  device  include 
compactness  (60  x  40  x  20  mm),  large  displacement  range  (-1  cm),  and  large  holding  force  capability  (~200  N).  There  are 
three  active  piezoelectric  elements  within  the  inchworm:  two  "clamps"  and  one  "pusher."  Large  displacements  are  achieved 
by  repetitively  advancing  and  clamping  the  pushing  element.  Although  each  pusher  step  is  small,  on  the  order  of  10  microns, 
if  the  step  rate  is  high  enough,  substantial  speeds  may  be  obtained  (~1  cm/s).  In  the  past,  inchworm  devices  have  been  used 
primarily  for  precision  positioning.  The  development  of  a  robust  clamping  mechanism  is  essential  to  the  attainment  of  high 
force  capability,  and  considerable  design  effort  focused  on  improving  this  mechanism.  To  guide  the  design,  a  lumped 
parameter  model  of  the  inchworm  was  developed.  This  model  included  the  dynamics  of  the  moving  shaft  and  the  frictional 
clamping  devices,  and  used  a  variable  friction  coefficient.  It  enabled  the  simulation  of  the  time  response  of  the  actuator 
under  typical  loading  conditions.  The  effects  of  the  step  drive  frequency,  the  pre-load  applied  on  the  clamps,  and  the  phase 
shifts  of  the  clamp  signals  to  the  main  pusher  signal  were  investigated.  Using  this  tool,  the  frequency  bandwidth,  the  optimal 
pre-load  and  phase  shifts  which  result  in  maximum  speed  were  explored.  Measured  rates  of  motion  agreed  well  with 
predictions,  but  the  measured  dynamic  force  was  lower  than  expected. 

INTRODUCTION 

Solid-state  piezoceramic  actuators  are  typically  limited  to  low  displacement  applications,  but  may  be  used  at  high 
frequencies.  Typical  applications  include  vibration  excitation  and  control  actuators  and  positioning  devices.  The  desire  for  a 
smart  materials  actuator  that  produces  high  force  and  high  displacement  at  relatively  high  frequencies  is  not  new,  but  a 
functional,  low-profile,  manufacturable  actuator  has  not  yet  been  realized.  Developed  in  pursuit  of  this  goal,  the  Penn  State 
H3C  inchworm  is  a  high  authority  device  that  capitalizes  on  the  high  forces  produced  by  piezoceramic  stacks,  while 
overcoming  low  displacements  using  an  inchworm  actuation  scheme.  This  paper  discusses  the  history  of  inchworm 
actuators,  design  of  the  subject  device,  and  modeling  and  experimental  results  which  supported  the  design. 

The  research  described  herein  was  supported  by  the  DARPA  Smart  Aircraft  and  Marine  Propulsion  System  Demonstration 
(SAMPSON)  program.  SAMPSON  is  a  system  level  demonstration  of  the  application  of  smart  materials  and  structures  to 
submarines  and  aircraft.  One  role  of  the  Center  for  Acoustics  and  Vibration  at  Penn  State  (PSU/CAV)  is  the  development  of 
actuators  that  will  drive  adaptively  conformable  flow  control  surfaces  in  annular  propulsion  units  used  on  aircraft  and  marine 
systems,  as  shown  conceptually  in  Figure  1.  The  PSU/CAV  is  assessing  the  potential  of  candidate  actuators,  selecting  the 
best  ones,  then  designing,  manufacturing  and  validating  the  actuators,  their  power  units  and  controllers  for  delivery  to  the 
other  members  of  the  SAMPSON  team. 

The  successful  actuator,  which  is  to  be  used  in  shape  control  applications,  will  ideally  have  several  features,  including:  high 
force,  high  displacement,  high  energy  density,  compact  design,  ability  to  be  easily  integrated  and  replaced,  cost  effectiveness, 
and  ease  of  control.  An  actuator  that  uses  inchworm  type  actuation  in  conjunction  with  multi-layer  piezoceramic  stacks  was 
selected  for  development.  Subsequently,  a  survey  of  existing  inchworm  methodology  was  performed  to  gain  perspective  on 
improvements  needed  to  enable  high  authority  operation. 
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Conventional  Design 


Proposed  Design 


Figure  1:  Concept  for  a  deformable  flow  control  surface 

LITERATURE  SURVEY:  INCHWORM  STATE-OF-THE-ART 

The  inchworm  devices  reviewed  generally  fell  into  one  of  three  basic  groups.  The  first  group  involves  a  "walker" 
configuration,  in  which  the  induced-strain  activation  elements  (ISA)  move  with  a  shaft.  The  shaft  appears  to  be  walking  or 
looping,  as  it  were,  along  the  desired  path  of  actuation.  The  second  basic  configuration  is  the  "pusher".  In  this  arrangement 
the  ISA  elements  are  removed  from  the  actuation  shaft.  The  actuator  pushes  the  shaft  along  using  an  inchworm  technique. 
The  third  group  is  the  hybrid  walker-pusher.  This  type  mixes  the  two  kinds  of  actuation,  with  the  ISA  elements  not 
completely  removed  from  the  actuation  shaft. 

The  first  group  of  actuators  represents  preliminary  designs  which  paved  the  way  for  the  inchworm  actuators  to  come.  Stibitz 
&  Steele  [1]  in  1964  were  among  the  first  to  design  an  effective  inchworm  actuation  technique.  They  used  magnetostrictive 
materials  to  actuate  a  shaft  using  a  typical  "pusher"  method.  As  shown  in  Figure  2.  the  Stibitz  Sc  Steele  actuator  was  built  in 
three  segments  which  were  each  used  for  extending  and  clamping  as  a  magnetic  field  was  applied.  The  focus  of  their  design 
was  to  create  a  positioning  actuator  for  use  in  precision  machining  and  tooling.  The  second  major  contribution  to  inchworm 
actuators  was  not  itself  an  inchw  orm.  McNancy  [2],  in  late  1964,  developed  a  method  of  piezoceramic  actuation  which  used 
a  multi-layer  stacked  piezoceramic  actuator  coupled  with  a  motion  amplifying  structure.  As  showm  in  Figure  2,  the  stacked 
ISA  element  drove  a  combination  of  ball  bearings  to  produce  larger  motions  in  the  transverse  direction.  The  use  of  multi¬ 
layer  stacked  actuators  was  important  in  the  development  of  piezoceramic  inchworms. 

The  first  patented  piezoceramic  inchworm  was  introduced  by  Hsu  [3]  in  1966.  The  design  was  a  complicated  walking 
actuator  that  used  a  single  hollow'  cylindrical  element  to  clamp  and  extend.  As  showm  in  Figure  2.  the  clamping  end  of  the 
piezoceramic  had  an  annular  wedge  surface  w  hich  clamped  w'ith  an  alternating  signal.  The  two-layer  piezoceramic  disks  on 
each  end  of  the  actuator  were  used  to  bias  the  direction  in  which  the  w  edge  would  restrict  motion.  To  reverse  the  direction  of 
travel  the  polarity  of  the  signal  w  as  switched  and  the  disks  reversed  their  direction  of  bowing.  The  action  switched  the 
direction  of  motion  that  would  cause  the  wedges  to  engage. 

The  next  actuator  improved  on  the  previous  actuators  in  several  wavs.  Locher  1967  [4]  made  several  positive  improvements 
in  the  field  of  precision  linear  induced  strain  actuators.  The  inchworm  was  configured  in  a  hybrid  structure  with  the 
clamping  elements  engaging  a  "clam-claw"  mechanism  as  shown  in  Figure  2.  The  "clam-claw"  allowed  motion  in  one 
direction,  but  engaged  instantly  in  the  other.  This  method  was  the  first  hybrid  inchworm  actuator  and  the  first  which  applied 
maximum  holding  force  in  the  un-activated  state.  This  device  wras  designed  exclusively  for  precision  actuation  and  was 
capable  of  individual  steps  of  0.0005  inches. 

In  1968,  Brisbane  [5],  designed  the  simplest  actuator  to  date,  as  shown  in  Figure  2.  He  used  a  combination  of  three 
cylindrical  piezoceramic  elements,  two  for  clamping  and  one  for  extension.  This  actuator  was  the  first  piezoceramic 
inchworm  to  use  the  simple  "walking"  method.  The  intent  of  the  design  w  as  to  have  micron  range  positioning  for  tooling  and 
claimed  actuation  speeds  of  50  mm/sec. 

The  inchworm  presented  by  Galutva  [6]  in  1972  represented  a  vanguard  design  of  inchworms  for  its  time  and  the  coming 
decade.  This  Russian  group  designed  an  actuator,  as  seen  in  Figure  2.  that  had  micron-range  positioning,  used  stacked 
piezoceramic  elements  in  a  walker  configuration,  and  fit  into  a  slim  and  compact  profile. 

The  design  introduced  by  Bizzigotti  Sc  May  [7]  in  1975,  shown  in  Figure  2.  was  the  first  example  of  a  "pusher"  configuration 
piezoelectric  inchworm.  The  goal  of  their  design  w  as  to  provide  a  very  precise  linear  actuator  capable  of  incremental  steps  of 


0.004  micrometers.  The  piezoelectric  elements  formed  a  U  shaped  actuator  which  clamped  and  extended  in  the  now- 
traditional  inchworm  manner.  An  important  contribution  was  the  introduction  of  the  term  "inchworm"  to  describe  such 
devices.  The  next  inchworm,  patented  by  Sakitani  [8]  in  1976,  did  not  advance  inchworm  technology  significantly,  but  was  a 
fine  design  in  its  own  right.  It  was  a  "walker,"  as  shown  in  Figure  2,  used  for  precision  placement  of  a  electron  scanning 
microscope.  The  design  presented  by  Ishikawa  [9]  in  1979  was  very  similar  to  the  Bizzigotti  &  May  design,  except  it  used 
two  piezoelectric  elements  for  extension,  as  opposed  to  one. 


Figure  2:  Illustrated  Timeline  of  Inchworm  History 

The  inchworm  presented  by  O  Neill  [10]  in  1980  was  the  first  to  use  the  stacked  piezoelectric  actuator  to  increase  the 
actuation  length  of  the  inchworm.  The  design,  shown  in  Figure  2,  used  two  clamping  disks  coupled  with  "cups"  that  pushed 
against  the  outer  cylinder  when  zero  charge  was  applied.  When  the  disks  were  actuated,  the  cups  retracted  from  the  wall,  and 
the  "stacked"  piezo-disks  extended. 

The  actuator  presented  by  Taniguchi  [11]  in  1984  represented  a  new  approach.  The  actuator,  shown  in  Figure  2,  used  a 
multitude  of  piezoceramic  elements  stacked  upon  one  another.  These  elements  acted  as  both  clamps  and  extension  actuators. 
Actuation  resembled  an  earthworm  more  than  an  inchworm,  in  which  the  elements  are  driven  so  that  they  extend  and  contract 
in  a  wave-like  or  peristalic  motion.  The  device  presented  by  Hara  [12]  in  1986  used  a  great  number  of  layers  in  a  stacked 
piezoceramic  actuator,  by  reducing  the  overall  thickness  of  each  layer  and  bonding  them  together.  This  design  was  a  copy  of 
the  Bizzigotti  &  May  device  and  differed  mainly  in  that  it  made  a  conscious  effort  to  be  compact.  This  design  represented 
the  state  of  inchworm  actuators  in  the  middle  of  the  1980's,  during  which  time  few  major  improvements  were  made. 

The  design  by  Staufenberg  [13]  in  1986  was  an  exception.  As  shown  in  Figure  2,  the  actuator  was  a  pusher-type,  capable  of 
translational  or  rotational  motion.  Rotational  actuation  was  provided  by  a  method  in  which  a  clamping/tangential  extension 
was  applied  by  various  actuators  to  produce  torque.  The  translational  method  was  slightly  suspect  because  it  used  a  rocking 
method  to  propel  the  shaft  forward.  Fujimoto  [14]  in  1987  presented  an  inchworm  "pusher"  which  replaced  a  stepper  motor. 
The  idea  was  to  use  a  frictional  clamp  which  could  be  applied  to  the  edge  of  a  disk  in  order  to  actuate  it  in  much  smaller 
increments  than  possible  with  a  stepper  motor.  In  1990,  Murata  [15]  presented  a  patent  which  used  a  novel  "pusher" 
piezoceramic  inchworm  configuration  to  push  a  shaft  using  a  linear  gear  rack  of  extremely  small  pitch.  The  idea  was  to 
control  the  x-y  position  of  the  gear  so  that  it  engaged  and  disengaged  in  a  method  similar  to  annular  gears.  This  method 
proved  to  be  highly  ineffective  and  Murata  switched  to  a  hybrid  inchworm  in  which  magnetic  heads  applied  the  clamp. 


Rennex  [16]  presented  a  novel  arrangement  of  piezoceramics  in  1994  in  which  the  actuators  were  arranged  in  a  parallel, 
hybrid  pusher-walker  configuration.  This  method  resembled  Lochcr's  design,  but  removed  the  use  of  a  "clam-claw"  for  a 
flexural  clamp.  The  use  of  a  parallel  arrangement  slimmed  its  profile  considerably.  In  1994.  Miesner  &  Teter  [17]  presented 
a  paper  which  gave  a  detailed  description  of  an  inchworm  using  a  hybrid  TERFENOL-D  and  piezoceramic  "pusher"  system. 
As  shown  in  Figure  2.  the  TERFENOL  was  used  for  extension  and  the  piezoceramic  was  used  for  clamping.  This  was  the 
first  inchworm  that  was  designed  for  high  rate  force  application.  The  actuator  produced  26  pounds  at  stall  and  a  rate  of  1 
inch/sec  at  no  load.  The  drawback  of  the  design  was  that  it  was  rather  large,  spanning  almost  half  a  foot.  The  resonant  drive 
electronics  were  also  of  note. 

The  inchworm  proposed  by  Lee  [18]  in  1995  (not  illustrated)  represented  a  departure  from  previous  designs.  This  particular 
design  sought  to  create  an  inchworm  using  VLSI  manufacturing  techniques.  The  inchworm  measured  approximately  15  mm 
in  length  and  produced  forces  in  the  mN  range  and  speeds  of  Hcrn'min.  These  values  are  unimpressive  compared  to 
previous  designs,  but  are  very  good  considering  the  size  of  the  inchworm. 

The  final  design  considered  in  this  review  was  the  piezoceramic  caterpillar  motor  presented  by  Pandell  and  Garcia  [19]  in 
1996.  Their  design  was  very  similar  to  that  of  Galutva.  twenty  years  earlier,  except  (as  with  Lee)  the  focus  had  shifted  to 
larger  forces  and  displacements.  A  more  detailed  review  of  inchw  orm  technology  is  contained  in  the  thesis  by  Galante  [20]. 

This  new  focus,  emphasizing  increased  force  capability,  is  also  that  of  the  research  described  herein.  The  goal  is  a  device 
that  operates  at  speeds  rivaling  those  of  previous  devices,  but  that  also  provides  forces  like  those  of  the  range  of  the  Lee 
inchworm  in  a  much  smaller  package. 


DESIGN  AND  STRESS  MODELING 

Piezoceramic  inchworms.  as  described  in  the  previous  section,  have  historically  been  designed  as  micron-scale  positioners 
for  precision  machining  or  scanning  electron  microscopes.  The  H3C  inchworm  actuator  departs  from  its  predecessors  in  that 
it  is  to  be  a  high  authority  device,  capable  of  large  forces  and  large  displacements.  Initial  shape  control  applications  are 
anticipated  to  be  relatively  low  frequency,  nearly  quasi-static. 

Figure  3  illustrates  the  stepping  mechanism  employed  by  the  device.  The  inchworm  consists  of  three  pans,  two  of  which  are 
clamping  mechanisms,  and  one  called  a  "pusher".  The  clamping  mechanism  consists  of  a  mass-spring  system  (which  applies 
the  frictional  clamp  to  the  pusher)  and  a  piezoceramic  stack  which  lifts  the  clamp  from  the  pusher  to  allow  movement.  The 
pusher  consists  of  a  piezoceramic  stack  embedded  in  a  translating  shaft,  on  which  an  exterior  load  may  act. 


Figure  3:  Translational  Operation  of  the  H3  Inchworm 


Operation  begins  with  both  ends  clamped.  Step  1  show's  release  of  the  right  clamp,  permitting  pusher  motion  to  proceed  to 
the  right.  In  step  2,  the  pusher  stack  is  activated  so  that  front  of  the  pusher  extends  to  a  new  position.  This  extension  distance 
is  approximately  1-10  pm,  depending  on  the  load  acting  on  the  shaft.  In  step  3,  the  right  clamp  is  reapplied  by  de-energizing 
its  piezoceramic  stack.  This  position  is  identical  to  the  original  position  except  for  two  key  points:  (1)  the  right  end  of  the 
pusher  has  been  slightly  displaced:  and  (2)  the  center  piezoceramic  is  energized.  In  step  4,  the  left  clamp  is  released  by 
energizing  its  in-line  stack.  In  step  5,  the  center  stack  is  de-energized,  thus  contracting  components  of  the  pusher,  and 
returning  it  to  its  original  shape.  Once  the  left  clamp  is  re-applied  (not  shown)  by  de-energizing  the  left  piezoceramic  stack 
the  inchworm  has  returned  to  its  clamped  state,  having  completed  an  incremental  displacement  of  the  pusher  to  the  right. 


As  shown  in  Figure  3,  the  H3C  inchworm  actuator  includes  two  clamping  piezoceramic  stacks  and  one  transverse 
piezoceramic  stack  which  extends  the  pusher.  For  best  performance,  the  clamping  stacks  should  have  several  times  the 
blocked  force  of  the  pusher  stack.  For  reasons  of  economy,  all  the  stacks  used  in  the  H3C  device  are  identical,  and 
performance  is  limited  by  the  capability  of  the  clamping  stacks.  The  stacks  used  are  Sumitomo  parts  PSA-15C45N.  They 
are  5.2  x  4.5  x  20  mm.  with  individual  layer  thicknesses  of  0.1 1  mm.  The  material  is  a  soft  PZT-5D. 

The  clamping  stacks  are  used  to  disengage  an  integral  flexure  which  provides  the  clamping  action  on  the  pusher  element. 
The  design  of  this  flexure,  integral  to  the  upper  frame,  was  crucial  to  the  successful  operation  of  the  actuator.  The  main 
design  goals  for  this  part  were  to  provide  maximum  clamping  force  on  the  pusher  when  the  stack  is  uncharged,  and  to 
completely  disengage  the  clamp  when  the  stack  is  energized.  Several  conditions  had  to  be  satisfied  for  the  inchworm  to 
operate  effectively  in  this  manner:  The  impedance  of  the  deformed  structure  needed  to  closely  match  the  impedance  of  the 
piezoceramic  stack,  to  facilitate  energy  transfer.  The  Von-Mises  stress  magnitudes  were  also  required  to  remain  within  the 
yield  stress  envelope.  A  standard  factor  of  safety  was  used  to  account  for  anticipated  higher  transient  loads  in  operation. 
Further,  the  stiffness  of  the  structure  in  the  transverse  direction  was  maximized,  in  order  to  minimize  displacements  due  to 
friction  applied  by  the  pusher.  Another  desire  was  maximization  of  the  resonance  frequency  of  the  clamp  system,  to  ensure 
that  it  was  higher  than  that  of  the  stack.  This  would  allow  the  maximum  clamping  frequency  to  be  limited  mainly  by  the 
stack.  The  last  condition  involved  the  surface  region  that  defines  the  interaction  of  the  pusher  and  the  stack:  the  stress 
distribution  across  the  stack  should  be  fairly  uniform  and  the  structure  should  clamp  onto  the  pusher  in  a  uniform  fashion. 


Figure  4:  a)  Design  of  the  H3C  actuator  frame  and 
b)  a  static  finite  element  model  of  the  clamping  substructure 

The  clamping  mass/spring  sub-structure  was  modeled,  taking  advantage  of  symmetry,  using  plane  stress  finite  elements  and 
the  mesh  shown  in  Figure  4b.  The  model  used  spring  elements  to  model  the  force-displacement  characteristics  of  the 
piezoceramic  stack  at  low  frequency.  These  spring  elements  provided  a  distributed  load  across  the  interaction  surface  with 
the  piezoceramic  stack.  The  value  of  the  combined  stiffness  was  35  MN/m,  which  represented  the  operating  point  at  which 
the  stack  would  produce  a  force  of  350  N  at  a  displacement  of  10  microns.  These  spring  elements  were  then  displaced  by  10 
microns.  Roller  boundary  conditions  were  applied  to  the  symmetry  line  of  clamping  sub-structure,  and  clamps  were  applied 
at  the  edge  and  at  the  screw  interaction  point  to  simulate  the  relatively  high  stiffness  of  the  rest  of  the  upper  frame.  This 
technique  made  it  unnecessary  to  model  the  rest  of  the  upper  frame  and  greatly  reduced  computation  time. 

The  pusher,  lower  frame,  panels  and  other  small  parts  were  designed  with  an  emphasis  on  manufacturability  and  assembly. 
These  parts  were  made  from  titanium  at  PCB  Piezotronics,  Inc.,  using  wire  EDM.  The  main  function  of  the  pusher  is  to 
transmits  the  actuation  force  and  displacement  to  an  exterior  load.  The  design  of  the  pusher  was  critical  to  the  operation  of 
the  inchworm.  The  pusher  has  slots  for  the  clamping  stacks  to  pass  through,  a  layout  that  restricts  the  total  "throw"  of  the 
actuator,  but  acceptably  so.  The  pusher  slots  allow  the  stacks  to  be  centrally  located  in  the  overall  device,  without  being  part 
of  the  moving  structure.  Integral  to  the  design  of  the  pusher  is  a  pre-load  feature  which  allows  the  extensional  stack  to  be 
placed  under  compressive  load  during  assembly. 

The  area  over  which  the  clamping  flexural  sub-structure  of  the  upper  frame  interacts  with  the  pusher  provides  enough  surface 
area  for  proper  frictional  force  transmission.  The  material  at  the  interaction  surface  was  lapped  to  nearly  a  mirror  finish,  with 
rms  surface  variation  on  the  order  of  1-2  microns.  This  surface  precision  results  in  the  maximum  friction  coefficient  for  the 
material,  while  allowing  freedom  of  movement  with  only  a  few  microns  normal  displacement  of  the  clamp. 


The  upper  frame  dynamic  characteristics  are  very  important  to  the  performance  of  the  inch  worm.  Its  modes  of  vibration 
should  be  at  frequencies  higher  than  the  operating  stack  frequency  range  of  0-1000  Hz.  It  is  also  important  that  modes  other 
than  the  plunging  mode  be  excited  only  minimally  upon  impact  so  as  not  to  disrupt  high-rate  repetitive  operation. 


Figure  5:  a)  Solid  finite  element  model  of  the  upper  clamp  with  boundary  conditions,  and  b)  frequency 
spectrum  of  the  finite  element  dynamic  model 

As  illustrated  in  Figure  5.  the  first  mode  at  12,660  Hz  represents  a  plunging  mode.  This  mode  could  be  excited  by  high 
frequency  actuation  of  the  piezoceramic  stack  and  should  be  avoided.  Its  excitation  would  disrupt  clamping  and  likely  cause 
excessive  noise  due  to  impact  of  the  clamp  on  the  pusher.  The  second  mode  at  17,634  Hz  represents  rotation  of  the 
mass/spring  structure  about  the  x  axis.  Excitation  of  this  tipping  motion  would  cause  a  stress  gradient  across  the  surface  of 
the  stack.  The  third  mode  at  23.407  Hz  involves  rotation  of  the  mass/spring  structure  about  the  z  axis.  This  rocking  mode 
should  have  much  lower  amplitude  than  the  first  two  modes  because  it  should  not  be  excited  by  forces  applied  at  the  center  of 
the  stack  interface  surface.  Were  this  mode  to  be  excited  during  operation  it  would  also  result  in  a  detrimental  stress  gradient 
across  the  stack.  The  fourth  mode  at  24,633  Hz  is  a  rotational  mode  about  the  y  axis.  The  response  of  this  mode  should  also 
be  small  compared  to  that  of  the  first  two  and  should  not  be  excited  by  any  force  on  the  stack  interface  surface.  If  excited  it 
would  torque  the  stack  and  could  cause  it  to  shear  unnecessarily. 

The  pusher  was  modeled  in  a  similar  fashion,  with  results  that  affect  the  range  of  operation  significantly.  The  first  mode  of 
the  pusher  is  at  about  1,065  Hz  and  involves  bending  along  the  x-y  plane.  This  mode  is  much  lower  in  frequency  than  those 
of  the  upper  clamp  and  represents  an  upper  bound  on  the  clamping  frequency.  Also  important,  the  fundamental  extensional 
mode  is  at  about  11,806  Hz  and.  if  excited,  would  interfere  with  the  extensional  motion  sequence.  This  resonance  is  far 
beyond  the  intended  operating  frequency  range,  but  with  additional  mass  (i.e.  loading  condition)  added  to  the  end  of  the 
pusher  the  resonance  frequency  could  quickly  fall  into  the  range  of  interest. 

Easy  assembly  of  the  actuator  was  crucial.  As  a  developmental  device,  it  had  to  be  designed  for  manufacturability, 
repairabilitv  and  integration.  The  assembly  (shown  in  Figure  6a)  allowed  ready  access  to  the  internal  structure. 


Figure  6:  a)  Assembly  layout  of  the  inchworm  actuator  and 
b)  Rendered  solid  model  of  the  final  design  of  the  H3C  Inchworm  Actuator 


DYNAMIC  MODELING  AND  SIMULATION 


Dynamic  operation  of  the  H3C  inchworm  was  modeled  using  a  4  DOF  lumped  parameter  system,  as  shown  in  Figure  7.  The 
rear  and  front  end  of  the  pusher  were  modeled  as  rigid  masses,  the  flexures  as  mass  less  springs,  and  the  clamping  devices  as 
mass-spring  systems.  The  stacks  were  represented  by  spring  elements  in  series  with  induced  displacement  elements.  The  four 
degrees  of  freedom  corresponded  to  the  displacements  of  the  two  ends  of  the  pusher  and  the  two  free  ends  of  the  clamping 
elements.  The  external  load  consists  of  a  single  degree  of  freedom  system  and  a  static  force.  The  connection  between  the 
external  system  and  the  pusher  is  assumed  to  be  perfectly  rigid,  so  that  any  external  mass  is  included  in  the  mass  of  the  front 
end  of  the  pusher. 
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Figure  7:  Lumped  parameter  model  of  the  inchworm  H3C 


External  stiffness, 
damping,  and  static  force 


The  dynamic  response  of  the  system  to  time-varying  drive  voltages  in  the  stacks  was  calculated  by  the  Runge-Kutta- 
Nystrom  method.  At  step  (i),  the  displacements  (i+1)  are  integrated  using  the  forces  of  step  (i),  which  include  friction  forces, 
induced  forces  and  external  forces.  The  rest  of  the  algorithm  evaluates  the  friction  forces  for  step  (i+1).  The  resultant  normal 
force  applied  to  the  pusher  by  each  of  the  clamping  devices  is  first  checked.  If  it  is  positive  (upward),  the  friction  force  is 
zero  and  the  corresponding  end  of  the  pusher  is  free.  If  it  is  negative  (downward),  the  friction  force  is  non-zero  and  can  be 
either  a  static  or  a  dynamic  friction  force.  The  sum  of  all  the  forces  of  step  (i+1)  applied  to  the  end  of  the  pusher,  including 
elastic,  viscous,  and  inertial  forces,  is  then  computed.  If  this  exceeds  the  value  of  the  static  friction  force,  the  friction  force  is 
set  to  its  dynamic  value.  If  it  is  lower,  the  displacement  (i+1)  is  set  to  zero  and  the  friction  force  is  set  to  the  sum  of  all  other 
forces  of  step  (i+1)  acting  on  the  end  of  the  pusher,  given  the  zero  displacement. 

Figures  8a)  and  8b)  show  the  displacements  of  the  rear  and  front  of  the  pusher,  and  the  friction  forces,  for  the  following 
loading  and  driving  conditions:  a  mass  of  0.5  kg  ,  a  spring  stiffness  of  0.1%  of  the  stiffness  of  the  stack,  and  a  static  force 
equal  to  the  weight  of  the  mass;  the  clamping  stacks  were  driven  with  square  waves  with  zero  phase  shift,  100  Volts  peak, 
and  300  Hz;  the  pusher  stack  was  driven  with  a  sine  wave,  100  Volts  peak,  and  300  Hz.  In  this  nearly  free  condition,  the 
numerical  model  yielded  good  results,  as  shown  in  Figure  9.  However,  as  the  external  mass  increased,  the  results  degraded. 
The  numerical  model  tended  to  overestimate  the  displacements  for  large  external  loads,  giving  results  similar  to  the  free  case. 
One  flaw  in  this  model  is  that  no  friction  force  is  applied  to  the  pusher  if  the  clamping  devices  bounce  on  the  surface  due  to 
oscillations.  When  attempting  to  move  large  external  loads,  the  precompression  forces  applied  to  the  clamping  devices  need 
to  be  high.  The  clamping  devices  are  thus  more  likely  to  bounce  on  the  surface  of  the  pusher,  and  to  slow  it  down  during  the 
extension  phase.  Nevertheless,  some  interesting  features  can  be  observed  from  Figures  8a)  and  8b).  At  each  extension,  the 
rear  end  of  the  pusher  slips  back,  because  of  the  higher  inertia  of  the  front  mass.  This  backward  motion  is  resisted  by  a 
positive  friction  force,  but  is  only  stopped  after  a  short  time,  which  creates  a  delay  in  the  displacement  of  the  front  mass  as 
compared  to  its  driving  voltage.  This  suggests  that  a  different  clamping  signal  might  be  used  for  the  rear  of  the  pusher. 


Figure  8:  (a)  Displacements  of  the  pusher  ends  (mm);  and  (b)  Friction  forces  on  the  pusher  ends  (N) 

(dashed  :  front  -  solid  :  rear) 


Figure  9.  Experimental  and  computed  inchworm  speeds  under  quasi-free  loading 

Figures  10a)  and  10b)  show  the  force  applied  by  the  inchworm  on  the  external  structure  in  the  following  loading  and  driving 
conditions:  a  mass  of  0.5  kg,  a  spring  stiffness  of  1%  of  the  stiffness  of  the  stack,  a  static  force  equal  to  the  weight  of  the 
mass;  for  Figure  10a),  the  same  voltages  as  in  figures  8a)  and  8b),  and  for  Figure  10b)  an  18  degree  phase  lag  was  applied  to 
the  front  clamp.  The  purpose  of  the  delay  was  to  ensure  that  the  pusher  developed  some  initial  force  by  the  time  its  front  end 
was  released.  On  the  other  hand,  the  delay  reduced  the  time  over  which  the  pusher  was  free  to  extend.  The  results  show  that 
the  front  end  of  the  pusher  experienced  less  backlash  with  delayed  voltages.  This  suggests  the  existence  of  an  optimal  phase 
shift  for  the  clamp  signals. 


Figure  10:  (a)  Force  output  with  zero  phase  lag  (N),  and  (b)  Force  output  with  an  18  degree  phase  lag  (N) 
TESTING  THE  PROTOTYPE  H3C  ACTUATOR 

With  the  actuator  designed,  manufactured  and  assembled,  it  was  tested  in  order  to  characterize  its  performance.  Many 
features  of  the  drive  signals  must  be  specified,  including  waveform  shape,  level,  duty  cycle  and  relative  phasing.  These 
variables  must  be  simultaneously  optimized  in  order  to  attain  the  best  possible  performance.  With  this  need  for  flexibility  in 
mind.  LAB  VIEW  software  was  used  to  generate  inchworm  drive  signals  through  a  PC  digital  to  analog  output  board.  This 
software  was  used  to  create  waveforms  of  virtually  any  shape,  and  allowed  the  frequency,  amplitude,  duty  cycle  and  phase  of 
the  signals  to  be  changed  at  the  touch  of  a  button.  Figure  1 1  shows  sample  drive  signals  generated  using  this  software. 

Generated  Waveformsl 


A  special-purpose  calibration  fixture  was  developed  for  characterization  of  the  inchworm,  as  shown  in  Figure  12.  Its  main 
feature  is  a  stiff  beam  pivoted  on  one  end  in  a  precision  bearing.  An  important  aspect  of  this  fixture  is  the  ability  to 
selectively  drive  loads  that  are  primarily  inertial  in  nature,  primarily  stiffness  in  nature,  or  a  combination  of  both.  The  beam 
can  be  driven  against  a  compression  spring  for  a  stiffness  load,  or  a  mass  can  be  attached  to  the  beam  to  increase  the  inertial 


load.  A  high-sensitivity  strain  gauge  load  cell  and  an  LVDT  position  transducer  were  used  to  measure  performance.  Further, 
an  analog  to  digital  input  board  was  used  to  record  the  output  force  and  velocity  in  LAB  VIEW,  a  feature  of  the  experimental 
setup  that  will  eventually  enable  closed-loop  operation  of  the  inchworm  .. 


Figure  12:  Schematic  of  the  H3C  Inchworm  Actuator  Performance  Characterization  Experiment 


There  were  two  primary  objectives  of  the  initial  inchworm  experiments.  The  first  was  to  characterize  the  performance  of  the 
inchworm  in  terms  of  dynamic  force  and  velocity,  and  the  second  was  to  optimize  the  clamp  and  pusher  drive  signals.  Two 
initial  experiments  were  devised  to  characterize  performance.  First,  the  motor  was  driven  against  the  compression  spring 
until  the  maximum  dynamic  force  was  reached,  and  no  further  displacement  was  possible.  The  piezoceramic  clamp  stacks 
were  driven  with  square  waves,  at  voltages  up  to  a  maximum  of  124  V.  The  signal  to  the  pusher  w  as  an  offset  0  to  87  V  sine  ^ 
wave.  As  seen  in  Figure  13,  the  maximum  measured  pusher  force  increased  with  voltage,  due  to  correspondingly  higher 
clamping  forces.  The  maximum  dynamic  force  measured  was  41.5  N,  although  this  is  expected  to  rise  as  waveform  signals 
and  levels  are  further  improved  and  increased. 


Figure  13:  Maximum  Dynamic  Driving  Force  Against  a  Compression  Spring 


A  second  experiment  devised  to  characterize  performance  was  to  measure  the  no-load  maximum  velocity.  This  time,  two 
different  types  of  signals  were  used  to  drive  the  clamping  stacks:  a  square  wave  and  a  sine  wave.  The  amplitude  of  both 
kinds  of  waves  was  fixed  at  97V.  As  shown  in  Figure  14,  the  maximum  velocity  attained  for  a  square  signal  was  3.3  mm/s  at 
a  drive  frequency  of  500  Hz:  presumably  because  of  dynamic  response  to  impulsive  clamp  forces,  the  inchworm  would  not 
run  at  higher  frequencies.  For  a  sinusoidal  signal,  however,  a  maximum  velocity  of  5.4  mm/s  was  attained  at  a  drive 
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frequency  of  900  Hz.  Higher  driving  rates  were  possible  with  the  sinusoidal  signal  because  the  clamp  motion  was  smooth, 
with  less  noise  and  vibration.  This  is  a  potentially  important  observation,  since  a  sinusoidal  signal  could  be  easily  created 
using  standard  AC  voltage,  perhaps  reducing  the  need  for  separate  complex  signal  generators  and  amplifiers.  Again,  higher 
velocities  are  expected  as  the  waveform  signals  are  further  improved. 


Figure  14:  Inchworm  Velocity  vs.  Cycle  Frequency,  Driven  with  Square  and  Sinusoidal  Clamp  Signals. 

The  ongoing  goal  of  experimentation  is  to  increase  inchworm  performance  by  optimizing  clamp  signal  parameters:  waveform 
shape,  voltage,  phase,  cycle  frequency  and  duty  cycle.  Because  of  the  large  number  of  signal  parameters,  each  must  be 
independently  optimized.  With  sinusoidal  clamp  signals,  for  example,  the  drive  voltage  and  frequency  were  held  at  90  V  and 
100  Hz,  respectively,  while  the  relative  phases  of  the  sine  waves  were  changed.  As  shown  in  Figure  15,  there  was  an 
increase  and  then  a  decrease  in  performance  as  the  phase  between  the  clamp  signals  was  changed.  This  experiment  was 
carried  out  for  four  pusher  wave  phases  (the  relative  phase  between  the  pusher  and  the  first  clamp  signals),  and  demonstrated 
that  the  best  performance  was  obtained  when  the  clamp  signals  were  175  degrees  apart,  and  the  pusher  signal  was  75  degrees 
after  the  first  clamp  signal.  A  more  thorough  investigation  of  this  behavior  may  show  that  the  optimal  relative  phase  settings 
depend  on  cycle  frequency  and  waveform,  so  further  experimentation  is  necessary.  In  addition,  relative  phasing  optimization 
experiments  will  be  conducted  for  each  type  of  waveform  shape  and  voltage,  including  square  waves  and  more  complex 
signals. 


Figure  15:  a)  Determination  of  the  Optimal  Relative  Phases  between  Waveform  Signals  and 
b)  Sample  of  Waveform  Signals  from  LABVIEW  showing  Phase 


CONCLUSIONS 

A  linear  inchworm  motor  was  developed  for  structural  shape  control  applications.  Features  of  the  subject  device  include 
small  size  (60  x  40  x  20  mm),  strokes  of  about  1  cm.  speeds  approaching  1  cm/s.  dynamic  forces  in  excess  of  50  N,  and  static 
holding  force  capability  greater  than  200  N.  There  are  three  active  piezoelectric  elements  within  the  inchworm:  two  "clamps" 
and  one  "pusher."  Large  displacements  are  achieved  by  repetitively  advancing  and  clamping  the  pushing  element.  The 
development  of  a  robust  clamping  mechanism  is  essential  to  attain  high  force  capability,  and  considerable  design  effort 
focused  on  improving  this  mechanism.  To  guide  the  design,  a  lumped  parameter  model  of  the  inchworm  was  developed. 
This  model  included  the  dynamics  of  the  moving  shaft  and  the  frictional  clamping  devices  and  used  a  variable  friction 
coefficient.  It  enabled  the  simulation  of  the  time  response  of  the  actuator  under  typical  loading  conditions.  The  effects  of  the 
step  drive  frequency,  the  pre-load  applied  on  the  clamps,  and  the  phase  shifts  of  the  clamp  signals  relative  to  that  of  the  main 
pusher  signal  were  investigated.  Using  this  tool,  the  frequency  bandwidth,  the  optimal  pre-load  and  phase  shifts  which  result 
in  maximum  speed  were  explored.  Measured  rates  of  motion  agreed  well  with  predictions,  but  the  measured  dynamic  force 
was  lower  than  expected.  Although  not  yet  complete,  experiments  conducted  with  the  H3C  inchworm  indicate  that  it  has 
performed  as  it  was  designed  to.  achieving  a  free  velocity  of  5.5  mm/s  and  a  dynamic  force  of  41  N,  both  at  modest  drive 
levels.  As  a  larger  matrix  of  tests  to  optimize  and  increase  the  inchworm  drive  signals  is  executed,  its  performance  should 
improve  substantially. 
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ABSTRACT 

A  core  technology  effort  focuses  on  actuators  for  high  rate  shape  control.  The 
Center  for  Acoustics  and  Vibration  at  Penn  State  (PSU/CAV)  is  developing  actuators  to 
drive  conformable  flow  control  surfaces  for  use  in  marine  and  aircraft  systems.  The  ac¬ 
tuators  are  selected  based  on  the  following  characteristics:  high  displacement,  high  force, 
high  energy  density,  high  energy  conversion  efficiency,  slender  and  compact  design  and 
cost  effectiveness.  A  down-select  process  was  performed  on  actuators  induce  strain  ac¬ 
tuation  (ISA)  materials  or  so-called  “smart”  materials.  A  piezoceramic  actuator  which 
uses  a  novel  approach  of  actuation  was  singled  out  as  the  best  performer. 

The  H3  piezoceramic  inchworm  actuator  was  designed  to  emulates  the  motion  of 
an  inchworm,  incrementally  summing  small  displacements  into  large  displacements.  The 
design  of  the  actuator  was  accomplished  by  using  a  coupled  feature-based  solid  modeler 
and  finite  element  solver  to  design  part  properties  (such  as  stiffness)  to  specific  values. 
The  actuator  was  then  fabricated  and  tested  to  verify  the  model  with  which  the  design 
was  based  on.  This  model  proved  to  be  an  adequate  one  in  which  further  design  con¬ 
straints  may  be  tested  against.  The  actuator,  no  larger  than  a  deck  of  cards  is  capable  of 
actuation  forces  of  approximately  30  lbs.  (133  N)  over  a  displacement  of  0. 1-0.2  in.  (3-5 
mm). 
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The  Penn  State  Center  for  Acoustics  and  Vibrations  (PSU/CAV)  is  developing 
actuators  for  shape  control  of  conformable  flow  control  surfaces.  In  the  last  year,  two 
versions  of  high  force,  high  displacement,  high  energy  density  linear  piezoceramic 
actuators  have  been  developed  using  the  inchworm  concept  to  transform  high  frequency 
small  displacements  into  large  displacements  at  low  frequency. 

Three  piezoceramic  inchworm  actuators  have  been  designed  at  the  PSU/CAV  in 
the  past  year.  The  third  design,  dubbed  the  H3-B,  is  the  subject  of  this  research.  This 
actuator  is  more  effective  than  the  previous  designs  in  conformable  flow  control 
applications  due  to  a  thinner  design  with  larger  internal  tolerances.  The  design  requires  a 
flexible  frame  structure  having  high  output  stiffness  to  create  large  clamping  forces,  and 
high  coupling  with  the  piezoceramic  stack  for  the  unclamping  operation.  Shape 
optimization  is  used  in  the  design  process  to  handle  the  complex  objective  function  and 
constraints  placed  on  the  flextensional  frame.  This  thesis  presents  the  shape  optimization 
method  and  includes  a  study  into  flextensional  design.  A  prototype  of  the  shape- 
optimized  actuator  is  verified  to  meet  the  design  predictions  through  testing. 

The  new  actuator  is  about  the  size  of  a  deck  of  cards,  only  half  as  thick.  It  is 
capable  of  actuation  forces  of  approximately  8  N  (1.8  lb.)  and  velocities  of  280  cm/sec 
( 1 1  in/sec).  It  is  less  expensive  to  produce  than  the  two  previous  designs  because  of 
larger  internal  tolerances  and  the  elimination  of  adjustment  mechanisms. 


